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PREFACE 



The following pages originated from a course 
of University lectures. It is hoped that the book 
will be of use to the engineer and general reader. 
Some knowledge of elementary alternating currents 
is presupposed. 

1 have found that the student who grasps the 
theory of the transformer has little difficulty with 
the more complicated actions and reactions taking 
place in the induction motor, and is also helped in 
his study of synchronous apparatus. 

Chapters I and II are merely introductory. 
Chapters III to V, carefully studied, should give 
the reader a thorough knowledge of the transformer. 
The tests in Chapter VI should be carried out by the 
student on a few commercial types. The method 
of design in Chapter VII is offered as a probable 
improvement over that usually given in text 
books. 

I wish to thank the manufacturers for the loan 
of cuts used in Chapter X. 

Thanks are also due the nublishers who have 
maintained their reputation for sparing no effort or 
expense to make the book mechanically as perfect 
as possible. I am indebted to Mr. A. S. Kalenborn 
for reading proofs. 

F. G. Baum. 
Stanford Univ., Cal. 
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NOTATION. 



i=instantancous value of the current, 

T=maximum value of the current, 
n=instantaneous value of the magnetic flux, 
N=maximum value of the magnetic flux, 
h=instantaneous value of the strength of field, 
H=maximum value of the strength of field, 
S=number of turns. 

a=ratio of transformation ~c 



-s. 

L=coefficient of self-induction, 

M=coefficient of mutual induction, 
l=length of magnetic circuit, 

A=cross section of iron imder induction, 

e=instantaneous value of e.m.f., 

E=maximum value of e.m.f. or effective e.m.f., 

Go=two n times the frequency, 
f=frequency, 
Ri=primary internal resistance, 

rg=secondary internal resistance, 

Rj=resistance of load, 

E8=e.m.f. applied to load, 

Ei=primary induced e.m.f., 

E 
^— secondary induct e.m.f.. 



Note. — Subscripts i and g refer to primary and secondary 
coil respectively. 
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THE 
ALTERMATING CURRENT TRANSFORMER 



CHAPTER I. 

ELEMENTARY PRINCIPLES. 

1. The alternating current transformer consists of 
a magnetic circuit interlinked with two or more 
electric circuits. The simplest arrangement is shown 
in Fig. I. 




Fig. 1. Transformer. 



The primary coil, P, consumes power from the 
generator ; in the secondary coil, 5, electric pressure 
is developed, and when the external circuit is closed 
by some external translating device, L, power ap- 
pears in the secondary circuit. Power is, therefore, 
transferred through space from the primary to the 
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secondary circuit without relative motion between 
the two coils. This interchange of power takes 
place through the medium of the magnetic field 
which threads the primary and secondary coils. 

The electric pressure developed in the secondary 
is, approximately, 

E =-^' = :^; 
"^ 5i a ' 

that is, the primary pressure is reduced in the ratio 
of the number of turns. The transformer is used, 
therefore, because it is a convenient method of 
changing the electric pressure. It finds its greatest 
use in transforming power from high to low pressure 
at a point near the consumer of energy. 

Before taking up the effects of the current in one 
coil upon the other, it will be well to review briefly 
the fundamental principles of the magnetic circuit 
and the laws of magnetic induction. 



2. Magnetic Induction. — Consider a current flow- 
ing in a closed circuit of one turn of wire. A 
magnetic field is produced by the current, consisting 
of lines of force threading the circuit and forming 
closed curves. This magnetic field or flux is pro- 
portional to the current in the wire, any change in 
the current producing a corresponding change in the 
total flux, N, If there are 5 turns of wire, the lines 
of force pass through each turn, and there are, there- 
fore, SN lines of force threading a circuit of 5 turns. 
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3. Magnetomotive Force or Difference of Magnetic 
Potential: — Preliminary proposition : The work, 
W, done on a circuit in maintaining a current, /, 
in that circuit constant while the magnetic flux 
through the circuit changes by an amotmt, A^, is 



W^IN. 



(i) 



Proof : Suppose we have a wire, of length /, carry- 
ing a current /, at right angles to a magnetic field 



le 



Fig 2. Force on Wire. 



of strength H, as shown in Fig. 2. The force acting 
on the wire at right angles to the field and the wire is 

F=IIH. 

Now, move the wire against this force through a 
distance x; the work done is 

W=IlHx ^IN, 

since IxH^N the flux change. 
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The work done on unit pole in moving it once aroiind 
the closed path, as indicated by the dotted line in 
Fig. 3, against the magnetic forces of the system is 
a measure of the power of that system to magnetize, 
or, in other words, is a measure of its magnetomotive 



m 




Fig. 3. Straight Solenoid. 



force. The magnetomotive force between two 
points in a magnetic field is measured by the work 
done in moving a unit magnetic pole from one point 
to the other. Hence, 

Magnetomotive force = fall of magnetic potential. 

Example: Let us find the m.m.f. of the system 
shown in Fig. 3. If the solenoid is vmiformly wound 
and the layers are near together, we may consider a 
current of magnitude SI flowing in a single sheet 
aroimd the coil, instead of the current in each wire. 
Move the unit pole around the path indicated by the 
dotted line. Each of the 4?r lines of force radiating 



Elementary Principles. 13 

from unit pole* must be cut by the current SI. The 
work done, therefore, according to equation (i), is 

W=^47tSI, (2) 

and this is the m.m.f. of the system. The two ends 
of the solenoid may be brought together to form a 




Fig. 4. Ring Solenoid. 

circular coil as in Fig. 4; the m.m.f. of the system 
remains the same. 

4. Strength of Field in Solenoid. — If, in Fig. 4, 
the strength of field in the solenoidal ring be taken 
as if, the work done in moving tmit pole once aroimd 
the circuit is HI, and, further, if the lines of force due 
to one turn be supposed to pass through all the 

*By definition 47r li;:cs of force radiate from a unit polo. 
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other turns on the coil, this work will be equal to 
the total m.m.f. of the coil. That is, 

HI = ^7c SI, or (3a) 

H = 4^51/ 1. (36) 

If the material forming the ring on which the wire 
is wound has a permeability m and a cross section A , 
the total flux is 

.V=.4 MH = 4 7tSIA M /I 

= (4^5/)/(/A4/^). (4) 

The denominator in the right-hand member of 
equation (4) is defined as the magnetic reluctance 
of the circuit. In words the above equation is 

Magnetomotive force 



Magnetic flux = 



Magnetic reluctance 



S. Induced E.M.F. — If the magnetic induction 
through any circuit changes, due to any cause what- 
ever, an e.m.f. is developed in the circuit propor- 
tional to the rate of change of magnetic induction 
(Faraday*s Law). That is 

e=-dn/di* (50) 

If n is the magnetic flux passing through each turn 
and there are 5 turns 

e=-S dn/dt. (56) 



♦The negative sign is used because a positive flux change 
gives a negative e. m. £. 



I 
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The strength of field at any point in a magnetic 
circuit of a (stationary) current is proportional to 
the current; that is 

h oc St (Experimental Law). 

If the permeability of the medium is constant,* the 
number of lines of force threading the circuit in 
which the current is flowing (or any closed circuit in 
the neighborhood) will be proportional to i; that is 

n oc /j oc Sty or n = k Si, (6) 

We have, then, from (56) and (6) 

e=-S dn/dt=-kS^ di/dt, or 
-Sdn -Ldi 
~ dt ~ dt (7a) 

SN 

••'•^^^/ (7ft) 

L is defined as the coefficient of self-induction of the 
circuit. If the induced e.m.f . equals one C.G.S. unit 
e.m.f. when the current varies at the rate of one 
C.G.S. unit per second, that is di/dt=^i, the circuit 
is said to have one C.G.S. unit of self-induction. 
If in equation (ja), e is in volts, i in amperes and t in 
seconds, the unit in which L is expressed is the henry. 

One henrv = io® C.G.S. units of self-induction. 



* On account of the low magnetic density in transformers, 
the permeability may be considered as constant without 
appreciable error. 



i 
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From (76) another definition for L may be given: 
The self-induction of any circuit is measured by the 
number of lines of force which cut the circuit when 
the current increases or decreases by one unit. 

6. Coefficient of Self-induction Calculated from 
the Constants of the Coil. — We have (Fig. 4), 

e=- L di/dt = - 5 dn/dt 
But n = 4?r SIA/i/ly giving 

dn/dt = (47t SA/ii/l) di/dt, or 
L di/dt = (4?r 5^ x\u/l) di/dt, giving 

L ^^nS" An/U {^d) 

If the core is circular in cross section, of radius 
r, we have 

A^nr'' ; 

and if C is the total length of wife wotmd on the corf 
we have 

6' = 2?r rS (nearly). 

Substituting in L, we obtain 

L^mC?/1 (86) 

To reduce to practical units divide by 10°. 

This formula shows that the self-induction of 
solenoid is practically independent of the radius 
the iron core and depends only on the permeabili^ 
length of iron core, and on the length of wire. T^io 
formula will enable us to estimate very rapidly the 
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self-induction of coils when the length of wire is 
known. 

For a coil with length of iron core /,, and air-gap 
/g, we have, 

L ==(?/(/,//. + /J (8(7) 

IJ^ is usually small in comparison with l^ ; neglect- 
ing the latter term we have 

that is, the self-induction of a coil of this kind is 
equal to the square of the length of wire divided by 
the length of the air-gap. The length of wire and 
air-gap must be expressed in centimetres. 



7. Mutual Induction. — If we have, in the neigh- 
orhood of a circuit in which the current is varying, 
>second closed circuit the chau^H-g flux in the first 

il will, in general, induce a current in the second. 

le e.m.f. induced will be given by the equation, 

e,^-S,{dnJdi), 

xlere dn^ is the niunber of lines of force which cut the 
second circuit in the time di. Now, in whatever 
sition this coil be placed relative to the first 
^ the number of lines of force threading it 
i be proportional to the ciurent in the first 
^;; that is 

Wj oc 5,^1, or 
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Combining the above equations we obtain 

^3 = - Sj dnjdt^- kS^ S2 (dtjdt)y or 
e,^-M{diJdt), (9) 

M is defined as the mutual induction between the 
two circuits. M will be expressed in C.G.S. or prac- 
tical units according as e and i are expressed in 
C.G.S. or practical units. 



8. Mutual Induction Calculated from the Constants 
of the Coils. — Let us calculate the coefficient of 
mutual induction between two coils wound on the 
same core. In Fig. i, consider the secondary 
carrying no current, that is, all the lamps turned off, 
and we have 

^2 =-M dijdt =-52 dnjdt, 
from (4)7^2 = 4?!' 5i i^ Afi/l giving 

dnjdt = (4;r 5^ A^/l) diJdt 
.-. Mdijdt = {47e Am S, SJl) dijdi, or 
M^\it AtiS^SJl 

For a circular coil, this becomes 

M^mC.CJI (10) 

Cj and C2 being the lengths of wire on the two 
coils. 

This is the mutual induction between the coils 
only on the assumption that all the lines of force 
thread both circuits, that is, when there is no 
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magnetic leakage. (We shall see later the effect of 
magnetic leakage.) 

The self-induction of the secondary will be 

Lj =/iC\/l, and we see that 
M^=L^ Ljj, and (ii) 

• LjL.^sysi (12) 

9. Induced E.M.F. in Secondary Coil (Secondary 
on Open Circuit). — For the present we will assume 
a sine wave of e.m.f. applied to the primary, the 
resulting primary current being also assumed a 
sine wave. (We will take up the study of a 
distorted e.m.f. and current later.) With . the 
secondary on open circuit, we have a simple series 
circuit containing resistance and self-induction. 
The primary current is 

ij =£1 sin [oot - tan"^ L^ <»/i?J 

V W+C^T^] . or 

i^ =/j sin (&?/ - tan"^ L^ ^/K^). 

The instantaneous value of the magnetic flux will, 
therefore, be 

47t 5i Am /j sin [<» ^ - tan"^ L, go/R^ 
The maximum value of n is 

The curve for n is given in Fig. 5. 
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Suppose this magnetic fliix to vary through 
one cycle per second. Consider the number of times 
the Unes of force cut the wires of the secondary cir- 
cuit during one cycle. In building the lines up from 
zero to maximum value A^, that is, in going from 
o to A on the curve, Fig. 5, all the lines of force 
cut the secondary turns. In going from to ^4, 
then, S^ N lines have cut the secondary. In going 
from A to B, this number of lines must be with- 




FiG. 5. Sine Wave of E. M. F. or Magnetic Flux. 



drawn from the coil, and, therefore, again cut the 
secondary ; similarly in going from B to C and from 
C to D. Therefore, the number of lines of force 
which cut the secondary circuit in one cycle is 45, N, 
Since this nimiber cut the secondary in one 
second, the average e.m.f. induced will be, by 
definition, 

Av. £2 = 453 N/10^ volts, 
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and if the fliix changes at a frequency of / cycles 
per second 

Av. E^^4S^ Nf/ io\ volts. (13) 

But we have for a sine wave 

Av. £/Max. E = 2/n; 

.-. Max. £j = 2jr 5, Nf /lo*. 

We also have 

Max. £/Vir. E = V^, 

/. Vir. E, == x^27t S, Nf /io\ (14) 

(The virtual E is the effective value or the 
square-root of the mean square.) 

Equation (14) is of great importance and should 
be thoroughly understood. 

Since w = 2?r / and 

N -^ 47t AnIJl, 
Max. E, = 4^ A/^5, S^^IJ (/X io«) 



iO. Primary Induced E. M. F. — The changing 
magnetic flux which induces an e.m.f . in the second- 
ary coil will also induce a ** back " or counter e.m.f. in 
the primary. The back e.m.f. on the primary may be 
obtained from the secondary induced e.m.f. by sub- 
stituting 5i for Sy This gives 

Max. E, = 2^ S, Nf/io^^L co IJio\ (16) 
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From equations (15) and (16) we have, 

EJE.^SJS,. 

The above equations have been developed on the 
assumption that the secondary is carrying no load. 
Assuming no losses, this shows that if we have an 
e.m.f. £j applied to one coil of a transformer the 
e.m.f . set up in the other will be changed in the ratio 
of turns. 
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CHAPTER II. 

SIMPLE TRANSFORMER DIAGRAM. 

(The method given in this chapter is sometimes 
used in text books. I have fotmd that the study 
of the transformer from this point of view always 
produces confusion in the mind of the student. 
The theory as given in Chapters III and IV 
is now considered the most straightforward.) 

11. Under load, the actions and reactions of 
primary and secondary currents become somewhat 
complex. If a simple harmonic e.m.f. be applied to 
the primary (secondary loaded), we will have the 
following taking place: 

(a.) A simple harmonic current is produced in the 
primary under an effective e.m.f. I^ R^, having 
the instantaneous value 

i\=7j sin 00 t, 

(The phase of i, is here assumed as zero.) 

(fe.) A cotmter e.m.f. of self-induction, having a 

maximtim value L^ go 7^, is set up in the primary at 

right angles to I^ R^. 

Back e^p = - L^ 3— =- L^ 00 I^ cos go t 

= Lj GO 7j sin {00 t - r^/2). 
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((7.) An e.ni.f., having a maximum value Mw/j, is 
induced in the secondary at right angles to /j! 

e^ ==- M diJdt=-MooI^ sin {oo t - n/2). 

This has the same phase as the back e.m.f. on the 
primary. 

(d.) A current I^ flows in the secondary under an 
effective e.m.f. I^ R^, the phase being behind the 
e.m.f. by the angle 

G2=tan-' (Z.2 «/^2). 

The instantaneous value of /, is 

ij ^/j sin (« t - Tt/2 - O2) ; 

the current lagging behind the pressure as given 
imder (c) by the angle 0^, 

(e.) A coimter e.m.f. of self-induction having a 
maximum value L^ool^ is set up in the secondary 
90° behind I^: 

Back e^^- L^ diJdt^L^oal^ sin {00 t - it/ 2 - fi,). 

(/.) A counter e.m.f. of mutual induction having 
a maximum value A/co/j is impressed on the primary : 

Back ^j, =- M diJdt^M c^ /^ sin (a.? t -it 1 2 - o^). 

In Fig. 6, let oa^l^R^ represent the resistance 
pressure in the primary coil producing the current /,. 
Draw the induced pressures M oal^^oc and L^ <» 7^ =- 
oh at right angles to ao. At right angles to /, draw 
the two pressures M(»/ , « 0/ and L^ <»/ j = dc. oh, of and 
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cd have been reversed in direction in order to give 
the impressed e.m.f. on each coil. 

The figure gives the pressure relations of the prim- 
ary and secondary. It is difficult, however, to ob- 
tain from this diagram a clear idea of the operation 




Pig. 6. Simple Transformer Diagram. 



of the transformer. The theory of the transformer 
becomes very much simplified if studied from the 
point of view of the resultant magnetic flux instead 
of considering the separate effects of primary and 
secondary currents. 
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CHAPTER III. 

GRAPHICAL REPRESENTATION OP PRESSURE RELA- 
TIONS. 

12. Instead of considering the secondary e.m.f. as 
being due to the changing current in the primary- 
it will more nearly represent the physical facts to 
consider it as due to the changing magnetism. This 
is especially true when the transformer is loaded. 
When the transformer is loaded, the restdtant mag- 
netomotive force is due to the current flowing not 
only in the primary but also in the secondary. This 
resultant magnetomotive force produces a restdtant 
magnetic fltix, and the secondary e.m.f. should be 
regarded as due to the change of this resultant mag- 
netic flux. From this point of view the theory of 
the transformer is simple, and what is learned by 
studying the transformer can be applied directly to 
the theory of induction motors, and will assist the 
student in all alternating current theory. We shall 
first neglect hysteresis, and assume that all the lines 
of force which thread one coil also thread the other, 
that is, that there is no magnetic leakage. 

Suppose i\ and i^ be the instantaneous values of 
the primary and secondary currents. The resultant 
magnetomotive force acting on the core may be 
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expressed by the equation m.m.f. =4;r (5^ i^ + S^ i^ ; 
the resultant magnetic flux therefore, is 

n = 47r A// (5^ i\ + Sj ij)//, (i6) 

and it is the change of this resultant magnetic flux 
which produces the e.m.f. of the secondary and the 
back e.m.f. of the primary. 

Now consider what takes place in the primary and 
secondary. In the secondary there is induced an 
e.m.f. equal to 52 dn/dt and this e.m.f., considering 
the secondary load as non-inductive, is consumed 
entirely by the resistance of the secondary circuit. 
Algebraically, since there is no other e.m.f. acting 
on the secondary circuit, we have, for a non-in- 
ductive secondary load, 

dn 

R^ is the resistance of the load and r^ the internal 
resistance of secondary coil. 

If N is the maximum value of the magnetic flux, 
the maximum value of the e.m.f. induced will be 

Maximum E^=S^ N go=I^ (r^ + R^), 

lines of force 
If Ar = i , 5, Ngo will be in volts. In 

lines of force. 



the above and in what follows N ^- 
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Since E^ is induced by the rate of change of A^, I^ 
vvill be 90° behind A^ Or algebraically, if 

n = N sin 00 t 
dn/dt = A^ oa cos cDt = N 00 sin {out - it/ 2) ; 

which shows that 

./?2 i.^ = -5., dn/dt 

is 90° behind the phase of the magnetism. The re- 
lation of the secondary current and the resultant 
magnetic fiux is represented in Fig. 7. (Maximum 
values are represented.) 

In the primary circuit, there is a back e.m.f . acting, 
due to the change of magnetism in the core of the 
transformer, equal to 5^ dn/dt, the maximum value 
of which is S^ Noo = ab, and has the same direction as 
S2 A/'co. The resultant e.m.f. in the primary circuit 



b-4- 






Sjlto-t*- 



I,(B,+r») 

Pig. 7. Pressure Relations on Non-inductive Load Ij Rj. 

is /?j /j and the .impressed is E, These three pres- 
sures must forni a closed triangle oba. Take N as ver- 
tical as in Fig. 7. Now N is produced by the re- 
sultant m.m.f.'s of primary and secondary, and, 
since r, is 90° behind the resultant M.M.F., I^ must 
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be in advance of N, The angle by which /^ leads N 
will vary with the load, coinciding with it at no 
load (assuming no hysteresis) and advancing more 
and more as the transformer is loaded. For some 
value of the secondary current, /j, represent the 
angle by which /^ leads A/" by 0, Fig. 7. 

Represent i?, /^ by the line oa, and S^N 00 hy the 
line 6a, drawn parallel to oc\ E^ob must close the 
triangle oba, 

R^ /j is always small in comparison with 5i Nno 

and therefore E and the secondary pressure = — are 

practically in opposition for all values of the load. 
This fact is of great practical importance in alter- 
nating electrical measurements. If I^ equals zero 
then /j will coincide with N, 

13. Increase of Primary Current with Load. The 

resultant magnetomotive force is (neglecting hys- 
teresis) in phase with the resultant magnetism. 
The primary ampere-turns are in phase with the 
primary current and the secondary ampere-turns are 
in phase with the secondary current. Since the 




fi ^ l>(r2-!-BO 

Fig. 8. Increase of Primary Current with Load. 
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geometric sum of the primary and secondary 
ampere-tums gives the resultant M.M.F., we have 
these three quantities related as shown by the 
triangle OPR in Fig. 8. 

Now, tests made on good transformers show that 
when loaded with incandescent lamps the secondary 
pressure is nearly constant for all loads, the drop in 
pressure at the secondary terminals being due mainly 
to the internal resistance. Since the total secondary 
^essure remains practically constant, it follows that 
the maximtmi value of the magnetism in the core 
remains practically constant for all loads, and hence, 
oR remains practically constant for all loads. 

Let the vertical line OR represent the resultant 
M.M.F. due to both coils, then the secondary mag- 
netomotive force may be represented by PR = 411 S^ I^, 
drawn at right angles to OR, The primary mag- 
netomotive force will then, for the particular value 
of the secondary current I^^ be represented by oP, 
We have from the triangle 



4^ 5, /, = V(M.M.F.)^ + (4^ S, I,y (i8a) 
^)r /, = V(M.M.F.)V(4^5,)H(5,/3)V5? 

The resultant magnetomotive force oR is small in 
-comparison with PR for loads above about 25% full 
load and, therefore, we obtain from (iSa) 

that is, the primary current is equal to the secondary 
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ctirrent divided by the ratio of transformation. At 
no load OR = 47r S^ I^, I^ being the magnetizing cur- 
rent. At full load the primary current I^ is gen- 
erally from 50 to 100 times I^. That is, at full load, 
PR (Fig. 8) is from 50 to 100 times OR. The prac- 
tical use of the transformer is entirely due to the 
fact that small currents of high potential may be 
reduced to large currents of low potential and vice 
versa. It should be noticed that I^ and I^ are 
practically in opposition. 

When there is no magnetic leakage the locus of 




Fig. 9. Locus of Primary Current Vector with Magnetic 
Leakage Between Primary and Secondary. 



the vector OP for non-inductive load is the straight 
line RP, Fig. 8. With magnetic leakage the locus 
of primary current is the circular arc RP, Fig. 9. 
For open magnetic circuit transformers with large 
magnetic leakage Fig. 9 is used, the diameter 
of the circle RS being equal to the primary cur- 
rent which would be obtained by short-circuiting 
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the secondary at full primary pressure. For closed 
magnetic circuit transformers RS would be about 
I GOO times OR and, hence, for this class of trans- 
formers the locus of the current may, for working 
values, be considered as represented by the straight 
line RP, Fig. 8. In the induction motor (the in- 
duction motor electrically is essentially a transformer) 
where there is an air-gap between the primary and 
secondary a figure similar to Fig. 9 is used. 

14. Effect of Inductive Load on Transformer 
Diagram. — If there is an inductive load on the sec- 
ondary, the secondary current must be" drawn to 




Fig. 10. Pressure Relations with Inductive Load. 



show a lag 62== tan" 



L,. 



„ . -to get the direction and 

magnitude of the primary current, Fig. 10. The 
secondary magnetomotive force must be drawn 
parallel to I^ from the point R, the closing side of 
the triangle will then be equal to the primary 
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magnetomotive force. OR is small in comparison 
with PR for 25% of full load or over and therefore 
oP and PR are practically parallel. That is, the 
primary current is practically in opposition to the 
secondary current for a lagging load; also al^=l^, 
practically. 

15. Effect of Capacity Load on Transformer 
Diagram. — If» there is capacity in the secondary 




Fig. 11. Pressure Relations with Capacity Load. 

circuit the above diagram becomes as shown in Fig. 
II. Here the primary current leads the primary 
pressure. Practically, for 25% full load or over, the 
power factor of primary and secondary are equal, 



that is, 0=62- Hence, 



h-al,. 



For any kind of 



load, then, / and I^ are practically in opposition. 



16. Effect of Magnetic Leakage on Transformer 
Diagram. — The effect of magnetic leakage between 
primary and secondary windings on the direction of 
pressure and current in primary and secondary is 
th^ same as though the secondary had an inductive 
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load. The exact effect of magnetic leakage will 
be explained in another way in the following chapter 
on ** Regulation of Transformers." 

17. The Effects of Hysteresis on Form of Current 
and Pressure Curves. — On account of the discrepancy 
between magnetomotive force and magnetic flux, 
as shown by the hysteretic cycles, Fig. 12, a sine 
wave of e.m.f. impressed on a magnetic circuit, 
will not produce a sine wave of current. (We are 
here considering only the magnetizing current of 
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Fig. 12. Magnetic Cycles of Soft Sheet-iron. 
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a transformer, the secondary being on open cir- 
cuit.) In the primary circuit we have, as has 
already been shown, three pressures, the impressed 
pressure, the pressure I^ R^ to overcome resistance, 
and the back pressure Sj Ngo. Now, I^ R^ is always 
small in comparison with 5^ Noo^ and, therefore, 
5j {dn/dt) and the impressed pressure are nearly of 
the same magnitude and practically in opposition. 
Hence, a sine wave of primary pressure implies a 
sine wave of magnetism, which again implies a sine 
wave of secondary pressure. But, in order to have 
a sine wave of magnetism the primary current must 
differ from a sine wave. To find the form of the 
current curve to produce a sine wave of magnetic 
flux, we take from the sine wave of magnetic flux 
the instantaneous values of B and get from the 
hysteretic cycle the corresponding values of the 
magnetomotive force, from which may be calculated 
the instpintaneous values of the primary current. 
The instantaneous values of current are then plotted 
as functions of the time. It willbe evident from the 
curve shown in Fig. 12 that the form of the mag- 
netizing current will vary with the maximum value 
of the magnetic flux. In Figs. 13 and 14 are shown 
some curves of primary current given by Steinmetz. 
/ is the current curve ; i is a curve of current which 
added to / will give a sine wave of current / + i. The 
curve I + i is the current which would be necessary to 
produce a sine wave of flux B if hysteresis were 
absent. As seen from these cvirves, i is mainly a 
triple harmonic. 
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The curve / may be replaced for all practical pur- 
poses by the equivalent sine curve I + t. The wave 
of magnetism has its maximum value at the instant 
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Figs. 13 and 14. Distortion of Current Wave by Hysteresis. 



/ has its maximum, and hence the equivalent sine 

current leads the sine wave of magnetism by the 

angle a ; a is called the hysteretic angle of advance. 

The exciting current, 1^=1 -\-i, may be resolved 
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into two components, one in phase with the magnet- 
ism and one at right angles to the magnetism ; the 
first is the magnetizing component and constimes no 
energy, the second is an energy component and must 
supply the hysteresis loss and is, therefore, in phase 
with the primary pressure. In Fig. 15, /,, represents 
the equivalent sine wave of a current / + i, i^ is the 
magnetizing component and ij^ is the energy com- 
ponent. 




Fig. 15. Effect of Hysteresis on Current and Pressure Relations 

It is clear that 

i„t=lQ cos a and 
4 =7^ sin a. 

The product of the primary pressure and the 
energy component of the primary current, 4» gives 
the hysteresis energy loss in the transformer. The 
value of a is usually about 45°, making the power 
factor of the exciting current about .7 (see Fig. 35). 

18. Fig. 16 gives the current wave in a trans- 
former at tV secondary load, showing that at 
partial load the distortion almost disappears. 
The magnetic flux is represented by the dotted 
line. 
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19. If a magnetic circuit has an air-gap the length 
i^, Fig. 15, will be greatly increased for a given value 
of By that is, for a given value of if^, Hence, in this 
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Fig. 16. Current Wave at Partial Secondary Load. 
Fig. 17. M. M. F. of Magnetic Circuit with Air Gap. 
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case, Iq will more or less fall into phase with the 
magnetic fltix and the distortion in the current wave 
will disappear. 

Fig. 17 shows a curve, by Steinmetz, giving the 
. magnetizing current of a magnetic circuit containing 
an air-gap of 1/400 of the length of the iron. 

20. Relation Between Form of Primary and Sec- 
ondary Pressure Curves. — Since the primary pres- 
sure applied to the transformer is always practical- 
ly balanced by the value S^ dn/dt and the sec- 
ondary pressure is also proportional to dn/dt, it 
follows that the primary and secondary pressure 
v*.^aves will always be nearly of the same form. 
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CHAPTER TV. 

REGULATION. 

21 . First, Neglect Magnetic Leakage. —The internal 
resistance of the primary may be considered as 
connected outside the transformer; similarly, the 
secondary resistance may be considered as connected 
between the terminals of the transformer and the 
load as shown in Fig. i8a. E^ is the induced e.m.f., 
Si Noo, in volts. The equation for E^ is 

E^^EJa- I,r^, 
But E,=^E- I, R,. 
Therefore, E,==E/a - (/, R,)/a - I^ r^. 

In place of T^ put I J a, and we get 



('.4)- 



E,=E/a-I,\^r, + -^). (19) 

The second member of this equation gives the 
pressure at the terminals of the receiver for any 
value of the current I^. The percentage drop in 
pressure from no load to full load is 



-'' G.4') 



100 



£ (20) 

a 
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When the drop in pressure at the secondary term- 
inals for full load, with constant pressure on the 
primary is 2%, we say the regulation of the trans- 
former is 2%. Another way of giving the regulation 
is to give the percentage rise in secondary pressure 
from full load to no load. 

If we multiply equation (19) by a and replace I^ 
by a/ J we get 

aE,=^E-I,(R, + r,a'); (21) 

and the percentage regulation of the transformer 
referred to primary voltage is 

I, (R,+r,a') 100 

E ' (22) 

This must, of course, give the same value as equation 

(20). 

22. From equation (19) we see that, so far as regu- 
lation is concerned, the transformer and generator 
could be replaced by a generator of potential E/a, 
delivering a current I^ over a line having a resistance 
r^i-RJa^, This is shown in Fig. 186. The value 

R, 
^2 + "^ is called the equivalent resistance of the 

transformer, considering the same energy as deliv- 
ered by a generator of potential E/a, Fig. 186. 

From equation (21) we see that, so far as the cal- 
culation of regulation is concerned, the transformer 
and its load may be replaced by a load to which the 
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current I^ is delivered, at a potential E over a resist- 
ance R^ + r^ a\ This is shown in Fig. i86\ The 




Fig. 18a 




Fig. 186 




Figs. 18a, 186, 18c. 



Fig. 18(7 
Electrically Eqiiivalent Circuits. 



value R^ + a^ r^ is called the equivalent resistance of 
the transformer, considering the same energy trans- 
mitted at a potential £, Fig. iS^:. For the purpose 
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of calculating the regulation the transformer and its 
load are replaced by an equivalent vSeries system. 
The method shown in Fig. i&c is generally used in 
practice. 

23. With no magnetic leakage the only drop in 
pressure in the transformer is due to resistance. A 
transformer without magnetic leakage would have 
less drop on an inductive than on a non-inductive 
load, due to the resistance drop being out of phase 
with the delivered pressure. As we shall see, this is 
not true for practical transformers, all of which have 
some magnetic leakage. The magnetic leakage of 
transformers as ordinarily constructed for lighting 
loads has little effect on the regulation so long as the 
load is non-inductive. -The equations (20) and (22) 
may therefore be used to find the percentage drop in 
pressure on a lighting load, for transformers as 
ordinarily constructed, with little error. 

24. Effect of Magnetic Leakage on Transformer 
Regulation. — It has been shown that for a non- 
inductive load, such as an incandescent lamp 
load, the pressure at the terminals is given with 
sufficient accuracy by the equation 

E, = I, R.^E/a-I.ir. + RJa') 

In all transformers, however, there is magnetic 
leakage between the primary and secondary coils 
which affects the regulation on an inductive or a 



44 The Alternating Current Transformer. 

capacity load. The following graphical treatment 
of the effect of magnetic leakage on transfoimer 
regulation will make this clear. 

In Fig. 1 9a, we have, diagrammatically represented, 
a transformer having magnetic leakage. Electric 
pressure is set up in the secondary by a changing 
magnetic flux which threads the primary and second- 
ary coils. Besides this magnetic flux which threads 
both circuits, there are lines of force, due to magnetic 
leakage, which thread only the primary turns, and 
other lines of force which thread only the secondary 
turns. Now, consider the effect of the leakage lines 
of force — that is, those lines of force which thread 
one coil but do not thread the other — on the 
pressure relations in the primary and secondary 
coils. 

25. The lines of force which thread only the 
primary turns will, clearly, set up an e.m.f. of self- 
induction at right angles to the primary current; 
that is, these lines of force act like an inductive 
e.m.f. in series between the dynamo and the trans- 
former. The leakage lines in the secondary circuit, 
similarly, act like an inductive e.m.f. in the second- 
ary circuit between the terminals of the transformer 
and the load. What amounts to the same thing, we 
may consider a certain number of the primary turns 
as taken out of the transformer and put in the line 
between the dynamo and the transformer. Simi- 
larly, a certain number of secondary turns may be 
considered as connected between the transformer and 
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the load. Represent the self-inductions correspond- 
ing to these turns respectively by L^ and L^, and we 
have a condition represented diagrammatically in 
Fig. 196. 

A little consideration will make it evident that, in 
a transformer in which the primary and secondary 




Fig. 19a 
Fig. 19a. Transformer with Magnetic Leakage. 




Fig. 196 
Fig. 196. Electrically Equivalent to 19a. 

coils are similarly disposed with respect to the mag- 
netic cricuit, the primary turns in series in the prim- 
ary circuit are equal to the ratio of turns, a, on the 
transformer, times the turns in series in the second- 
ary circuit. For, the leakage lines are nearly equal 
for the two coils, but the primary leakage lines cut 
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a times the number of turns cut by the secondary 
leakage lines. 

This leaves a transformer, 7, Fig. 196. with the 
same ratio of transformation as the ratio of turns, a, 
in Pig. 19a, but in which there is no magnetic leakage 




Fig. 20 




Fig. 21 
Figs. 20 and 21. Presstire Diagrams of Fig. 19o. 



between the primary and secondary turns. With 
this arrangement it is an easy matter to determine 
the regulation of the transformer for any load and 
for any power factor. 
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28. We will assume for the present that the in- 
ductances L^oo and L^oo are known, and point out 
later how the regulation is determined in practice 
without loading the transformer. The transformer 
is assumed to carry such a load that the primary 
and secondary currents are practically in oppo- 
sition. This assumption will be true for any closed 
circuit transformer carrying 25% load or over. 
Let us take, first, the case of non-inductive load. 
Lay off, as in Fig. 20, ob=E^ horizontally — in the 
same direction as /j, the secondary current. From 
b lay off the value bc=I^ r^, the resistance drop in the 
secondary, and at right angles to be, lay off Lj <» Ij = cd. 
This gives od=^EJa as the e.m.f. that would have to 
be applied to pg. Fig. 19b, to produce the pressure 
jEj at the terminals of the load. We must now 
pass to the primary circuit, but instead of multi- 
plying all the sides of the triangle ocd by the ratio of 
turns, we may reduce all the pressures in the primary 
circuit by the ratio of transformation, and lay them 
off on Fig. 20. 

Lay off fromd the value <i/ =/, RJa parallel to be, 
and from / the value fg = L^Go I J a, at right angles to 
df. This gives og=E/a as the primary pressure, 
reduced by the ratio of transformation, that must 
be applied to the primary of the transformer to pro- 
duce the secondary presstire E^ at the terminals of 
the load. The value of the resistance and the re- 
active drops in the transformer have been exagger- 
ated to make the figure clear. In practice, however, 
by taking a large scale of pressures, very good 
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results may be obtained by the graphical method. 
If ob is taken equal to lo inches good results will 
be obtained. 

27. With the assumptions that have been made, 
cd and fg, of Fig. 20, have practically the same value, 
and since be and df are small in comparison with 
these bdg may be taken as a straight line, be and 
df are also about equal, usually. We may, therefore, 
replace the two triangles, bed and dfg, by a single 
triangle, bfgy Fig. 21, having as base a length, 6/, 
proportional to the load on transformer. (In trans- 
ferring to Fig. 21, multiply all the sides of Fig. 20 
by the ratio of transformation. This simply means 
to change the scale of the drawing.) We get 

bf^{be + df)a=I,r,a + I,R,^I,{r,a'-\-R,)^I,R, 

(23) 
in which R is the equivalent resistance of the trans- 
former. If, now, with ciE^^ob as radius, we draw 
the arc of a circle oh^ we cut off between the straight 
line bg and the arc bh a length e^y which gives the 
drop in secondary pressure for the load correspond- 
ing to the length bd. That is, the regulation of the 
transformer is shown in the figure. Algebraically 
expressed, we have, from the figure: 

B? = (a E, + bfy + ( fg)\ giving 

aE, = VE'-{fgr-bf. Here (24) 

/g=/, (L^w + a'L^w) =/j Lm and (25) 

bf^I.R. 
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Loo is the equivalent inductance and R the equiva- 
lent resistance of the transformer. 

In practice the two triangles bed and dfg, in 
Fig. 20, cannot be obtained very easily. The tri- 
angle bfg. Fig. 21, which answers our present 
purposes equally as well, is determined by short- 
circuiting the secondary winding and determining 
the pressure bg, Fig. 21, necessary to send full load 
current through the transformer. 

28. The length fg is called the inductive pressure 
in the transformer. If e is the voltage necessary to 
produce full load current with the secondary short- 
circuited, then fg is calculated by the formula 



jg^.Loal.^^e'-il.Ry, (26) 

in which R^R^ + r^a^, The percentage inductive 
pressure is 

(^"-^'j '°° , (27) 

K 
where E is the primary transformer pressure. 

29. Ordinarily the resistance pressure in trans- 
formers varies from .5% to 4%. For small lighting 
transformers it is usually between 1^/2% and 3%. 
The percentage inductive or reactive pressure may 
vary from 2 to 15. For good lighting transformers 
the percentage inductive pressure is usually 
between 3 and 6. In specifying the regulation 
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of a transformer, both the inductive pressure and 
resistance pressure should be given in per cent. 

30. Having the resistance pressure and inductive 
pressure in the transformer it is an easy matter to 
find the regulation for any load and any power 
factor. For any other power factor of the load the 
line 6/, representing the resistance drop, must be 







Fig, 22. Regtdation of Transformer for Different Power 
Factors. 

drawn from b (Fig. 22) in such direction with respect 
to E2 to correspond to the power factor of the load, 
and fg drawn at right angles to bf. In Fig. 22 is 
shown in heavy lines the position of the triangle for 
a power factor of .8. 

31. The locus of the point g for the same current 
but variable power factor is a circle with bg as radius 
and b as centre. The limiting positions of the 



i 
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triangle are bf ^ and fc/" g", corresponding to 90° 
leading or lagging ctirrent respectively. As seen 
from this figure, for lagging currents the seco^d- 
ary pressure drops, and for leading current the sec- 
ondary pressure rises, with increasing load, og^ 
multiplied by the ratio of transformation will give 
the dynamo pressure for a secondary pressure E^ 
applied to a load having a 90° leading current, and 
og" the pressure for a 90° lagging current. The rise 
in pressure for leading current is especially notice- 
able on long distance transmission lines. The charg- 
ing current of the line passes through the trans- 
former where a rise in pressure takes place equal to 
the equivalent reactance of the transformer multi- 
plied by the capacity current. 

32. To obtain good regtdation for all power 
factors fg must be small. In the best transformers, 
however, fg is several times bf. The general equa- 
tion for the secondary pressure may be written out 
by inspection of Fig. 22. The graphical solution, 
however, is sufficiently accurate for practical pur- 
poses and has the advantage that it presents the 
condition of the circuit to the eye. 

By dividing the primary and secondary coils (see 
Fig. 41), and providing a short magnetic circuit, 
magnetic leakage may be reduced. 

33. As an example of the above let us determine 
the regulation of a transformer, the normal primary 
pressure being 2200 volts and the full load primary 
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current 2.5 amperes. The resistance of the second- 
ary measured .02 ohms and the primary 10 ohms. 
Hence, the equivalent resistance of the transformer 
referred to primary is 

10+ (.02) (20)^ = 18 ohms. 

(The ratio of transformation is 20 to i.) The re- 
sistance pressure is (18) 2.5 =45 volts, or about 2%. 
The voltage on primary necessary to produce full 
load current with the secondary short-circuited was 
found to be 130 volts. Hence, 



L(»/j = v^(i3o)2- (45)^ = 122 volts, 

or about 5.5%. The maximum drop which this 
transformer can have on any kind of load for full 
load current would be 130 volts or about 6%. For 
non-inductive load the pressure at the terminals 
of the secondary will be 



V(220o)^- (i2o)2-45 



20 
2200 - 45 
20 

2155 



(practically), 



20 



= 107.8 volts. 



or a drop or 2.2 volts from no load to full load. The 
drop in pressure for a load of any other power factor 
is most easily determined by constructing a figure 
similar to Fig. 22, in which aE^ is 2200, 6/ = 45 and 
fg = 122 volts. 
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CHAPTER V. 

EFFICIENCY. 

34. The efficiency of any transformer may be 
written 

Eff. =^W,/{W, + L) =W,/W, = (W, - L)/W,, 

in which W^is the power absorbed by the primary, W^ 
is the power delivered to the terminals of the second- 
ary, and L is the total loss in the transformer. The 
power lost in the transformer is made up of the PR 
losses in the primary and secondary, the foucault 
current losses in the iron and copper, and the power 
lost by hysteresis in the iron. The PR losses are 
proportional to the square of the load current. 
The hysteresis and foucault current losses have been 
found to be practically independent of the load. 
The losses in the transformer may be represented 
with sufficient accuracy by the equation 

L = llr, + IlR, + C^P, {a'r, + R,) + C, 

C being the hysteresis and foucault current losses. 
Substituting in the equation for efficiency, we obtain: 

{W,-n(a'r, + R,)+C) 



Eff.=- 



W, 



Now, for non-inductive above about 20% of the 
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maximum, the energy given to the primary is, prac- 
tically, E /j ; that is, the power factor for the trans- 
former may be taken as imity. This gives us: 

^^- -eT, • 

To determine when this will be a maximum, derive 

rf(Eff.) 

— -7j — and equate to zero. The condition of maxi- 
mum efficiency will be found to be 
C = /, (aV^ + T?,). 

That is, the transformer will be working at its 
greatest efficiency when the copper and iron losses 
are equal. When running on a variable load the 
total watt-hours lost in the iron should be equal to 
the total watt-hours lost in the copper. 

35. It does not follow, however, that we must 
load our transformers so as to produce equality be- 
tween the copper and iron losses. The pressure- 
regulation and coolness of the machine impose lim- 
itations that must not be ignored. Many large 
transformers are operated in practice below that 
given by the rule. If the load were pressed to the 
point of maximum efficiency, they would either over- 
heat, or would fall off in secondary pressure beyond the 
proper limits. This only means that their efficiency 
is already sufficiently high to meet all requirements. 
The copper loss in lighting transformers is usually 
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larger than the core loss. The curves given, 
Pig. 23, which give the efficiency of two standard 
transformers, show that the efficiency rises very 
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Fig. 23. Transformer Efficiency. 



rapidly and attains a very high value at ^/^ and 
y^ load, and that in the neighborhood of full load 
the efficiency remains practically constant. 



36. All-Day Efficiency of Transformers. — When 
a transformer is to be operated on a lighting 
load, it is important to know not only the total 
losses in the transformer, but also the proportion 
between the iron and the copper losses for a given 
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load; for the transformer giving the best full load 
efficiency may not be the most economical for the 
variable load to be carried. The reverse may even 
be true; the transformer giving the lowest full load 
efficiency may be the best to use for the given load. 
For example : Suppose we have two transformers of 
I, GOO watts capacity, the first having an efficiency of 
92% and the second 94%. In the first transformer 
the core losses are 2 % and the copper losses 6 % ; in the 
second, the core losses are 4% and the copper losses 
2%. The load to be carried is variable, but will be 
assumed to be equal to full load capacity for 5 hours, 
the remaining 19 hours the transformers are unloaded. 
Which of the above will be the most economical ? 

First Transformer. 

Total load on transformer . . . .5,000 Watt-hrs. 

Loss by hysteresis (24 hrs) 480 '' '' 

Copper loss (5 hrs.) 300 ** ** 

Energy given to transformer. .. 5,780 ** ** 
All-day efficiency (5000/5780) . .865 

Second Transformer. 

Total load on transformer 5,000 Watt-hrs. 

Loss by hysteresis (24 hrs.). . . . 960 *' ** 
Copper loss (5 hrs.) too '' ** 

Energy given to transformer. . .6,060 ** ** 
All-day efficiency (5000/6060) . .825 

Here the transformer giving the better full load 
efficiency gives a smaller all-day efficiency. 
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37. Hysteresis. — Mr. Steinmetz has shown that 
the energy loss by hysteresis can generally be 
expressed with sufficient exactness by the formula 

where W is the loss per cycle in ergs per cu. cm. 
of iron B is the maximum magnetic induction, and 
k is the coefficient of hysteresis. 

The value k varies with the chemical and physical 
constitution of the iron. All iron used in trans- 
formers should be annealed before assembling in the 
core. As the hysteresis losses are the most import- 
ant factors in determining the all-day efficiency, too 
much stress cannot be laid upon the necessity of 
careful tests on all transformer iron. Steinmetz has 
found k to vary between .00124 and .0055, giving an 
average of .0033. Hysteresis tests on transformer 
iron are given in Chapter VII. 

38. The energy lost depends on the maximum 
value of the magnetic flux, and since, for a given 
eflfective pressure, a flat top wave of magnetic flux 
will have a lower maximum than a sine wave the 
hysteresis loss will be less because a flat top wave of 
magnetic flux implies a peaked wave of e.m.f., and 
conversely. From this point of view a peaked wave 
of e.m.f. is an advantage. However, there are other 
disadvantages, the result being that all manufactur- 
ers are striving to produce a standard smooth wave. 
This standard wave for which all are striving is the 
sine wave. 
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39. The eddy current loss in transformer cores is 
usually less than one-half the total core loss. This 
loss varies as the square of the frequency and the 
square of the magnetic induction. A fuller discus- 
sion of the separate losses will be given in the chapter 
on '* Systematic Transformer Design." 

40. Calculation of Efficfency of Transformers. — 

If we know the iron losses and the copper losses 
for full load, it is a simple matter to calculate 
the efficiency at any load. For example: as K. W. 
transformer has a core loss of iV2%, or 75 watts, 
and a copper loss of 2%, or 100 watts, at full load. 
(The core losses remain practically constant and the 
copper losses vary as the square of the load.) At 
one-half load the copper losses are (V2) X (V2) X 100 
equals 25 watts; at any other fraction i/w of full 
load the copper losses are (i/w^) 100. The efficiency, 
then, at any fraction xjn of full load, is 

50QQ ' 

£//. = , or 

5000 100 75 



n vr 

5000 



■5000 100 w(75) 

H r 

n 



.At V2 load n = 2, at V^ load n=4, at full load 
n = i, at iV^ load ^ = 4/5, etc. 
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At i/ioo load (or when carrying about one i6 c. p. 
lamp) the efficiency is 

E^xr 5QOO 

Eft. = 7 r == .40 

5000 100 100 (75) 

100 



5000 

Eff. at Vi load = z — r = .g^g 

^^ /* 5000 100 4(75) ^^ 

I". "r • 

4 

Eff. at full load = . ^^^.^ = .966 

' 5000 + 100 + 75 ^ 

5000 

Eff. at I V2 load = -yz: — ttt = .96 

'' ' ' 5000 + (») 100 + (p 75 ^ 

The efficiency is a maximum at ^/^ load, because 
at this load the copper losses are equal to the core 
losses. 



41. In the early days of alternating current work- 
ing not much attention was paid to the kind of iron 
used for transformers, and the iron was not generally 
annealed. As a result, the core losses were generally 
very high, perhaps as much as two or three times 
the loss now allowed in transformers of the same 
size. A I K. W. transformer installed about 1890 
shows a core loss of more than 100 watts, or 10%, 
whereas in a good modern design the loss would not 
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be greater than 35 watts, or z^l ^%. There are 
still some poor transformers put on the market 
at the present day. A 4 K. W. 60-cycle trans- 
former showed a core loss of 66 watts, another 
transformer of the same size measured 90 watts. 
It is highly important, therefore, that central 
station men test their own transformers. This 
can be done at little expense. Instructions for 
making complete tests of transformers are given in 
Chapter VI. 

42. The core losses of ordinary 2,000 volt lighting 
transformers are usually not more than given in 
the following table : 



K. W. 


PER cent. 


K. W. 


per CENT. 


CAPACITY. 


CORE LOSS. 


CAPACITY. 


CORE LOSS 


I 


35 


4 


1-75 


i-S 


2.65 


5 


I-S 


2 


2.25 


10 


1.4 


2.5 


2 


15 


1-3 


3 


1 85 


20 


I . 2 



The percentage open circuit current should be 
less than twice the percentage core loss. For ex- 
ample, the open circuit current of a 5 K. W. trans- 
former should not be greater than i.S%X2-=3% of 
the full load current of the transformer. 

The copper loss will usually not exceed the fol- 
lowing values: 
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COPPER LOSS 
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PER CENT. 
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2.5 




2.5 


5 




2.25 


10 
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50 
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Some manufacturers work well within the values 
here, given. In larger transformers, the copper loss 
may be below 1%, making the efficiency at full load 
over 98%. 

43. The Choice of Size of Transformers.— When 

it is the question of the choice of a single transformer 
to fulfill certain conditions, it is a simple matter 
to choose the transformer that will give the best 
all-the-year-round results. Generally, however, the 
central station must furnish energy over a large 
area, and the question then of the proper sizes 
becomes more difficult to answer. 

Ten years ago it was the general practice to put up 
a separate transformer for each house. In the 
majority of cases the size was about Vj K. W. 
Vj K. W. transformers now made have a core loss 
of about 5%. A transformer of this size made ten 
years ago would probably have had a core loss 
as high as 10%. 

It is an easy matter to calculate the saving made 
by substituting large transformers for the single house- 
transformers, and supplying individual customers 
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from a net-work of secondary wires. For 
example, suppose the small transformers having 
5% core loss are replaced by the same aggregate 
capacity of larger size in which the core loss will 
not exceed 2%. Clearly there is a saving of 
3% in the core loss. On each thousand watts 
replaced, there will be a saving of 30 watts, or 
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Fig. 24. Curve Showing Cost of Transformers. 



30X8760 = 262,800 watt-hours per year. At two 
cents per K. W. hour the saving for each K. W. per 
year would be $5.25. If 1,000 K. W. of the smaller 
transformers were replaced by the same capacity 
of larger size, the saving would be $5,250 per year. 

There is, of course, the additional saving in line 
losses and station capacity, due to the reduction of 
the magnetizing current. At the same time, when 
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individual customers are supplied from a netv/ork 
of secondary wires, the aggregate capacity is less 
than if each customer were supplied by an individual 
transformer. 

Further, the cost per K. W. decreases with the 
size of the transformer, as shown by the curve in 
Fig. 24. The prices, of course, vary with the 
market, but the relative prices will be about as 
given. From the curve we see that the cost per 
K. W. of about I K. W. capacity is about twice 
that of transformers of about 7V2 K. W. The 
cost of an aggregate of 100 K. W.. of i K. W. 
capacity will be about $3,000, whereas if 7V2 K. W. 
transformers are used the cost will be about $1,500. 

44. In a paper on alternating current trans- 
formers from the station manager's view point be- 
fore the A. I. E. E. Convention, at the Omaha Ex- 
position, Mr. W. F. White, Vice-President and Gen- 
eral Manager of the Omaha Light and Power 
Company, gave figures showing the saving made in 
his station by changing from small to large trans- 
formers. 

A total of 550 transformers, aggregating iioo 
K. W., were replaced by about 150 of larger size, 
aggregating 750 K. W. The saving in coal was 
about $4,000 per year — the cost of coal being about 
$2 per ton. During the same time, the number of 
lamps connected increased from 16,700 to 23,600. 

Some incidental advantages of the change are 
mentioned by Mr. White : 
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** First. Under the old plan, the 6,941 lights 
added would have required about 9,200 lights addi- 
tional transformer capacity, of 40 lights average size, 
of $1.00 per light average cost, giving an investment 
saving of $9,200. 

'* Second. The transformer load, with open sec- 
ondaries, of 80 amperes, was reduced by the Fall of 
1897, to about 30 amperes, notwithstanding an in- 
crease of about 25% in the number of lights con- 
nected. A saving of 50 amperes at 1000 volts 
represents a capacity to serve, without additional 
station or line equipment, approximately 1000—16 
c. p. equivalents, all burning at one time, or fully 
2000 — 16 c. p. equivalents connected. 

** Third. Formerly as many as a dozen trans- 
formers were frequently burned out in a single 
thunder storm. Ten per cent, of the transformers 
connected would be a conservative estimate of the 
number burned out each year from various causes. 
Of the new transformers connected during the past 
three years, only one has failed from any cause, that 
one was defective and burned out under light load 
almost immediately upon being put into service. 
Transformer repair costs are therefore practically 
eliminated. 

''Fourth. Incandescent lamp renewals have 
been greatly reduced. Using lamps from the same 
factory, at the same efficiency, and bought at the 
same price per lamp, the cost (estimated) of re- 
newals per kilowatt hour consumed by the lamps has 
been reduced from $.0081 in 1895 to $.0057 in 1897, 
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a reduction of 29.6%. This saving represents the 
advantage of regulating the secondary voltage by 
pressure wires connected to the secondary network, 
as compared with the former method of regulating 
the primary voltage by station transformers. 

** Fifth. The principal remaining incidental ad- 
vantage is the uniformity of voltage, bringing uni- 
formity in quality of service and consequent satis- 
faction of customers, the value of which cannot be 
estimated in dollars or percentages.'* 

45. At the present time the practice is to divide 
the area to be supplied by power into districts, feed- 
ing each district by a set of transformers, the 
secondaries being connected in multiple. Each set of 
transformers is generally fed from the station by a 
separate line. Certain circuits may be altogether 
cut out during part of the 24 hours, thus further 
reducing the losses. The problem of maintaining a 
uniform voltage over the system is solved by the 
use of feeder regulators in the line. 

46, Such a system is much more easily taken 
care of than the old house-to-house system. The 
chances of a break-down of insulation varies more 
than in proportion to the number of transformers, 
because if we replace 1,000 transformers by ten sets 
operating on secondary circuits, the insulation be- 
tween the secondary and primary of each set could 
be easily tested at stated periods, whereas with 
th^ thousand transformers connected it would be 
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praxjtically impossible to make insulation tests. In 
other words, we have practically replaced i,ooo 
poor transformers by lo good ones. 

This matter of making frequent tests of insulation 
between primary and secondary is an important one, 
and shotdd be provided for by every station. The 
station man should know the condition of every 
transformer on the line, not only to limit the acci- 
dents to life and to reduce the fire risk, but also to 
limit the bum-outs, by removing the defective 
transformers from the line. 

47. Choice of Transformers for Motor Work.— 

Motors are generally arranged so that the trans- 
formers are cut out when the motor is not running. 
Hence, the question of small core loss is not so im- 
portant as with lighting transformers. For motor 
work, therefore, such transformers should be used 
as will give the highest efficiency on the average 
motor load. 

Since motors have a poor power factor, the trans- 
former capacity should exceed the motor capacity. 
A good rule, which is very generally followed, is to 
put in one K. W. transformer capacity for each 
hdrse-power of motor. That is, for a lo H. P. motor 
we should install lo K. W. transformer capacity, 

48. Aging of Transformer Iron. — It was first 
noticed about 1894 that the core loss of transformers 
increased after they had been in service for a time. 
The first published reports were probably by Mr. 
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G. W. Partridge/ It was at first thought the effect 
was due to a kind of magnetic fatigue due to repeated 
reversals, but it was shown by Mr. Mordey,^ Pro- 
fessor Ewing, and others to be a temperature effect. 
The following are the published conclusions of Mr. 
Mordey : 

''First. The effect is not fatigue of the iron 
caused directly by repeated magnetic reversals — it 
is not 'progressive magnetic fatigue.* 

''Second. Neither magnetic nor electric action 
is necessary to its production. 

"Third. It is a physical change resulting from 
long-continued heating at a very moderate tem- 
perature. 

"Fourth. It appears to be greater if pressure is 
applied during heating. 

"Fifth. It is not produced when the iron is not 
allowed to rise more than a few degrees above the 
ordinary atmosphere. 

"Sixth. It is similar to the effect produced by 
hammering, rolling, or by heating to redness and 
cooling quickly. 

"Seventh. The iron returns to its original con- 
dition on re-annealing. 

"Eighth. It does not return to its original con- 
dition if kept unused and at ordinary atmospheric 
temperatures, whether the periods of rest are short 
or long.*' 



1. The London Electrician, Vol. XXXIV, p. 169. 
», Proceeding Royal Sog., Vol, LVII, 
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49. A series of curves are shown in Fig. 25, taken 
from a paper read by Mr. S. R. Roget before the 
Royal Society, May 12, 1898. These curves show — 
and experiments carried out by other experimenters 
give the same results — ^that at about 50° C. (120° F.) 
the increase in core loss begins to become evident. 
At a lower temperature no increase takes place. 
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Fig. 25. Aging Test on Samples of Iron, Cut from Sheets of 
Metal Heated to Different Temperatures. 



By properly annealing the iron the increase can be 
made small below a temperature not exceeding 75° C. 
(167° F.) Taking the average room temperature as 
25° C, or 77° F., this gives an allowable increase in 
temperature above the surrounding air of about 
50° C, or 90° F. As it is the absolute temperature 
which does the damage, the rise in temperature 
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must be decreased if the temperature of the air is 
increased. 

In a paper by Arthur H. Ford, presented at the 
April meeting of the A. I. E. E. in 1900, on ** Hys- 
teresis in Sheet Iron and Steel/' the author draws 




Fig. 26. Showing Change in Hysteresis Loop Due to Aging. 

the conclusion, as the result of a large number of 
experiments, that the hysteresis constant is not so 
much dependent upon the chemical composition as 
upon the physical structure of the material due to 
the method of working. 

SO. Methods of Cooling Transformers. — In small 
transformers — Vj to 20 K. W. — the total iron and 
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copper losses vary from about 6% to 3%. A 
I K. W. transformer must radiate about 60 watts 
at full load and a 20 K. W. transformer about 600 
watts. On account of danger to insulation or of 
aging of the iron, it is necessary to limit the tem- 
perature rise to about 50® C. above the surrounding 
air. At a given temperature rise above the sur- 
rounding medium the transformer is capable of 
radiating a given number of watts for each square 
foot of exposed surface. The square inches of ex- 
posed surface should be more than twice the number 
of watts to be radiated. See Fig. 46. 

Small transformers usually have sufficient exposed 
area to radiate the heat due to the losses. Since the 
capacity of diflferent sizes increases, however, 
much more rapidly than the radiating surface, as 
will be shown in the chapter on transformer design, 
it becomes necessary in large transformers to pro- 
vide some artificial means of cooling, notwithstand- 
ing the fact that the percentage losses decrease as 
the size of the transformer increases. 

For example, suppose a i K. W. transformer has 
6% or 60 watts loss at full load, the radiating surface 
of core and winding being 400 square inches. The 
watt-loss per square inch of surface is 60/400 = .15. 
With this loss per square inch, the temperature rise 
will not be too great. In a 10 K. W. transformer 
the losses may be assumed as 3 % or 300 watts. The 
radiating surface, however, will not increase in pro- 
portion to the losses. If we assume the. radiating 
surface to be three times that of the i K. W., we 
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have five times the losses with three times the 
radiating surface, or the watt-loss per square inch 
will be 300/1200 = .25. This will give too great a 
rise in temperature unless the transformer case is 
filled with oil. 

If we increase the size of the transformer to, say, a 
50 K. W., we find that in order to get an economical 
design, special precautions must be taken to insure 
low temperature in operation. Where a number of 
transformers are located near together a forced cur- 
rent of air may be used for cooling. 

51. At the present time, transformers are nearly 
always enclosed in cast iron cases, filled with a 
special oil to cover core and windings. The natural 
circulation of the oil tends to equalize the tempera- 
ture differences of the various parts, and carries the 
heat to the case from which it is dissipated. The 
volume of oil also absorbs heat and, hence, the tem- 
perature rise of an oil-filled transformer is less rapid 
than when only air cooled. Filling the case with 
oil also improves the insulation, disruptive dis- 
charges taking place through it much less readily 
than through air. If a disruptive discharge does 
take place, the oil immediately seals up the fault, 
tmless the discharge continues so long that charring 
occurs. The only objection to oil is that it increases 
the liability of fire, but this has been proved by 
practical experience to be an objection of no great 
importance. Large oil-filled transformers should be 
isolated as much as possible. 
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Very large transformers generally have cases filled 
with oil and, in addition, are cooled by a forced 
current of water which is carried around inside the 
transformer case in coils. The water is forced 
through at such a rate as to keep the temperature 
down to the desired value. One gallon of water per 
minute raised through 4° C. (7.2° F.) will carry away 
approximately i K. W. dissipated in heat. 

Before filling a case with oil the core and wind- 
ings should be heated (this may be done by 
applying a pressure to one of the windings) to 
drive out the moisture. In large transformers the 
extra precaution is usually taken to pump the air 
out of the case and the oil then introduced with 
partial vacuum in the case. 

In some cases where water is expensive trans- 
formers are cooled by a forced circulation of air. 
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CHAPTER VI. 

TESTING. 

52. Manufacturers, a few years ago, did not en- 
courage independent testing of transformers by 
station men, partly because the methods required 
more skill than the average station man possessed. 
At the present time, however, the methods of making 
transformer tests have been reduced to such simple, 
operations that all the leading manufacturers invite 
tests by the station man. The General Electric 
Company has issued an excellent little pamphlet on 
transformer testing for central station men, in which, 
instructions are given for making tests. Some of 
the illustrations in this chapter are taken from the 
pamphlet. 

The following tests will suffice to give the com- 
plete characteristics of a transformer: 

(a.) Insulation; 

(6.) Regulation; 

(c) Core loss and exciting current; 

(d.) Copper loss; 

(e. ) Rise of temperature of transformer on full load ; 

(/.) Ratio, and polarity test. 

53, (a.) Above all things a transformer must be 
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safe, and a test of insulation should first be made. 
For the insulation test an alternating e.m.f. is ap- 
plied between the primary and core, between the 
primary and secondary, and between the secondary 
and core. For 2,000 volt lighting transformers the 
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Fig. 27. Testing Insulation of Transformers. 



voltage between primary and core, and between 
primary and secondary is 10,000 (this is a require- 
ment of the insurance companies), between the 
secondary and core a voltage of about 2,500 should 
be applied. Measurements of insulation resistance 
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are not reliable. Fig. 27 gives the connection 
for the high voltage test between primary, and 
core and secondary. All primary wires should 
be connected together as well as all the secondary 
wires. In testing between the primary and core and 
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Fig 28. Calibration of Spark Gap. 



between the primary and secondary, the secondary 
must be connected to the core, otherwise the second- 
ary will be subjected to strains not received in 
practical operation. In Fig. 28 is given the calibra- 
tion curve of the spark gap. Care should be taken 
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to have clean needle points and to use new needles 
after every discharge. The static volt-meter is not 
needed if the spark gap is set for the correct voltage. 
Multiplying the reading of the volt-meter connected 
across A B, Fig. 27, by the ratio of transformation 
will give the primary voltage within a few per cent., 
provided there is no break-down. The high voltage 
testing transformer is usually made with primary 
and secondary on opposite sides of the core, so that 
in case of faulty insulation in the unit under test the 
current drawn through the transformer will cause 
its voltage to drop so much that it will not be 
injured. 

The high voltage should not be suddenly applied 
or removed. Increase and decrease the voltage 
gradually vmtil a spark is obtained across the spark 
gap or the static volt-meter reads the desired value. 
The high voltage should not be long continued, as 
the continued strain may permanently weaken the 
insulation. There will be a certain capacity current 
necessary to charge the transformer on test as a 
condenser, but the difference between this and a 
leakage current can be determined with a little 
experience. 

54. (6.) For small lighting transformers the regu- 
lation may be determined by loading with incan- 
descent lamps and measuring the percentage drop 
from no load to full load. For large transformers 
the regulation is calculated as given imder '* Regu- 
lation of Transformers.*' 
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The resistance of primary and secondary may be 
measured by any of the methods used for determin- 
ing a resistance. Having the primary and secondary 
resistance, the percentage / R drop may be calcu- 
lated from equation (20) or (22), Article 21. To 
correct for temperature, add 1% to the resistance 
for each 5° F. above which the resistance is 
measured. 

To get the percentage reactive pressure we short- 
circuit the secondary as shown in Fig. 29, and 




Transformer 



Fig. 29. Determination of Impedance (Note that the Fre- 
quency is Correct). 



determine the pressure necessary to force full load 
current through the transformer. For medium 
sized 2,000-volt lighting transformers the reactive 
pressure is usually between 3% and 6%. That is, 
with the secondary on short circuit, 60 to 120 volts 
applied to the primary will give full load current. 
The variable resistance shown in Fig. 29 is not 
necessary if about 100 volts are available. By 
measuring the current which this voltage produces, 
we may easily interpolate the voltage necessary to 
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produce full load cturent. We now have the per- 
centage pressure consumed by the resistance (this 
may be determined from the current and the equiv- 
alent resistance as explained), and by the impedance. 
The reactive pressure may be determined graph- 
ically as follows: Lay off the percentage resistance 
pressure, say 2%, horizontally, Fig. 30. From / 
draw a line, /g, of indefinite length, at right angles 




IR-2;S 
Pig. 30. Determination of Reactive Pressure. 



to bf. Then with b as centre, and a radius equal to 
the percentage pressure consumed by impedance, 
describe a circular arc to cut fg in g. The reactive 
pressure may be scaled off, or may be calculated by 
solving the right angle triangle. Having the per- 
centage resistance and reactive pressure the regula- 
tion of the transformer on a lighting load may be 
determined by drawing a figure like 21, or for 
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inductive or capacity load by drawing a figtire 
like 22. 

In determining the regulation of all fairly good 
transformers on any kind of a load the magnetizing 
current may be neglected. This is true because the 
magnetizing current is usually only about 2 % of the 
full load current, and the addition of this to the load 
current only affects the ratio of transformation by a 
small fraction of a per cent. Besides, the magnetiz- 
ing current is a constant and does not affect the 
regulation. 

The regulation of transformers that are to be used 
as step-up and step-down transformers on long dis- 
tance transmission lines or on motor loads should 
always be determined by getting the reactive as well 
as the ohmic drop. Usually the reactive pressure 
is from two to ten times as large as the pressure to 
overcome the resistance, and since the drop in pres- 
sure on a lagging load, or the rise in pressure on a 
capacity load, is practically proportional to the re- 
active pressure it is important to know what per- 
centage of the line pressure this will be. A trans- 
former may give perfect satisfaction so far as 
regulation is concerned on a lighting load, and be 
an entire failure when supplying light and power at 
the same time. Large transformers (about 1,000 
K. W.) have been built, giving a resistance pressure 
as low as .5% and a reactive pressure as low as 3%. 
The reactive pressure may, however, be 10 to 30%. 
Of course, such transformers would not be permissible 
where the lighting and raotor load is carried by the 
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same transformers, as is the case with step- 
up and step-down transformers on transmission 
lines. 

55. (c.) The core loss is made up of the hysteresis 
loss and the loss due to eddy currents. The loss due 
to these causes has been found to be practically inde- 
pendent of the load. The formula for the hysteresis 
loss has already been given, Art. 37. 

Since eddy currents are true secondary currents, 
the induced currents will be proportional to the maxi- 
mum magnetic density and to the frequency. The 
loss of power, therefore, will be proportional to the 
square of the magnetic density and the frequency. 
That is 

Ty=C(/S)^ in which 

TV = energy loss at / cycles per second, 

B = maximum magnetic flux, 

C = a constant. 

In well designed transformers, the foucault current 
loss is small. Usually the eddy current loss 
is about 30% of the total. The losses may be 
separated by the method given in the following 
chapter. 

The total core loss is most easily determined by 
measuring the power input at full load pressure with 
no load on the transformer. Connections are usually 
made as in Fig. 31. Normal secondary voltage 
should be applied to the secondary with the primary 
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open-circuited. Knowing that the frequency is cor- 
rect take simultaneous readings of volts, current and 
watts. The core loss should not exceed the values 
given in Article 42. The core loss for a 5 K. W. 
transformer should be about iV2%, or 75 watts. 
An ordinary 1 50- watt watt-meter will be of about the 
correct capacity where the transformers are not too 
large. Where there are two 100- volt coils on the 
secondary we may apply 200 volts, but put the 
potential coil of the watt-meter across one of 
the secondary coils, and then multiply the watt- 




Ammeter Wattmeter Transformer 

Fig. 31. Measurement of Core Loss. 



meter reading by two. In this way the core losses 
of transformers as large as 20 K. W. may be meas- 
ured with a 150-watt watt-meter. 

The exciting current in percentage of full load 
current should be less than twice' the core loss in 
percentage. That is, if the core loss is i^l 2% the 
exciting current should be less than 3%. If the 
secondary full load current is 50 amperes, the ex- 
citing current should be less than 1V2 amperes. In 
this way the capacity of the ammeter required 
may be estimated. 
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The power factor of the transformer on open 
circuit may be obtained from the ratio : 

Watts core loss 
Volt-amperes Input 

The power factor at no load is generally about .7. 

As previously pointed out, the core loss will be 
affected by the shape of the e.m.f . wave. 
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Fig. 32. Shows Curves for the Core Loss of a 10 K. W. Trans- 
former. 

Fig. 32 shows curves for the core loss of a 10 K. W. 
core type transformer at different voltages, for three 
different frequencies. The transformer was de- 
signed to operate at 60 p. p. s., but could be operated 
at a higher frequency, or as low as 45 cycles. At 
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30 cycles there is a great increase in core loss. At 
60 cycles and no volts this transformer operated 
at an induction of about 9,000 lines per square 
centimeter. Lowering the frequency to 30 increases 
the density so much that the magnetic distribution 
becomes unequal, and the increase in density in 
certain parts of the magnetic circuit causes the eddy 
current loss to become large. This accounts for the 
divergence of the curve for 30 cycles from those of 
the other two. 

56. (d,) The copper loss may be determined by 
calculation of the resistance of primary and second- 
ary and the current carrying capacity of the trans- 
former. If I^ is the secondary current, and R^ and r^ 
the primary and secondary resistances respectively, 
then the copper loss in watts will be 



W 



A"-^} 



a being the ratio of transformation. Having the 
copper and iron losses the efficiency curve of the 
transformer may be calculated. For small trans- 
formers the efficiency may be obtained by taking 
the ratio of power output to input on load. The 
efficiency curves of large transformers are nearly 
always calculated. 

57. (e.) The temperature rise of small transform- 
ers may be obtained by loading. With small 
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transformers, constant temperature will be reached 
in about eight hours; large transformers will take 
much longer. The usual requirement for lighting 
transformers is that after operating for eight hoiurs 
the temperature rise shall not be over 50° C. or 90° F. 
The temperature rise should be determined from 
the oil by thermometer, and by measuring the 
increase in resistance. 

To load large transformers until constant tem- 



A B 





Fig. 33. Artificial Loading of Transformers. 



perature is reached would mean a great loss of 
power. To avoid this, the transformer is usually 
supplied with a pressure higher than normal — a 
pressure that will give a core loss practically equal 
to the combined copper and iron losses when working 
under full load. This does not give the heating 
as in practice. Sometimes when the transformer 
has several coils, it is possible to supply the core 
loss over one winding with the other windings 
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connected in opposition and a direct current forced 
through them. This more nearly approaches prac- 
tical conditions. 

If we have two large transformers to test we may- 
get full load conditions in each and only supply the 
losses in the two transformers by connecting as in 
I^ig- 33- The secondaries are connected in parallel 
across the busbars A J5, and the primaries are con- 
nected in opposition. We apply, now, to A B sl pres- 
sure equal to normal secondary pressure of the 
transformers. To C i^ we apply a voltage equal to 
double the voltage necessary to produce full load 
current in one transformer on short circuit. This 
will give us full load current in both windings in both 
transformers and normal core loss in each. The 
circrit C D supplies the copper losses and the circuit 
A B the core loss 

58. (/.) Ratio of transformation is checked by a 
transformer with known ratio. 

The polarity may be checked by connecting the 
secondary in series with that of another transformer 
and determining by volt-meter if the connection is 
series or opposition. A small fuse wire may be used 
in place of the volt-meter ; if the connection is series 
the fuse will be ruptured. 

59. Mr. R. F. Schuchardt, in an excellent article 
in the Electrical World and Engineer, May 17, 1902, 
gives the results shown in the table below, as 
the average values obtained from commercial 
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transformers at the present day. The voltage to 
produce full load current with the transformer given 
in column ** Impedance Drop, Per Cent./' varies be- 
tween 3.4 and 5%. The ** Leakage Current" is the 
exciting current at primary voltage. The ** Regu- 
lation*' is the regulation on non-inductive load. I 
judge from the data that the tests were on core 
type transformers. 



Make Number 


Tjpa 


Capacity 

in 
Watts. 


Ratio 

of 

Transf. 


Date 

of 
Test 


Pri. Res. 

Coils in 

Series 


Sec. Res. 

Coils in 

Par. 


XXX xxxxx 

I 


X 


1,000 


2o8o_ii5 
1040 230 


4-15-02 


79.0 


•1352 


2 




1,500 






44.1 


.0906 


3 




2,000 






350 


•0591 


4 




2,500 






24.0 


.0490 


5 




3.000 






18.0 


.0440 


6 




4,000 






14.4 


.0300 


7 




5,000 






TO. 6 


.0200 


8 




7»5oo 






6.50 


.0156 


9 




10,000 






4.61 


.0114 


10 




15,000 






3 04 


.0078 


n 




20,000 






2 .01 


.0059 


12 




25,000 






1.72 


.0048 


XXX X X X 13 


X 


30,000 






1.38 


•003s 



Data op Transformer Tests. 
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Imped- 
ance 
Drop. 
Percent. 


Copper 

Loss 
Watts. 


Core 

l^oss 

Watts. 


Leakage 
Current 


P.P. 

at 

No Load 

Percent. 


Regula- 
tion 
Percent. 


Pull Load 
Efficiency 
Per cent. 


Room 
Temper- 
ature 
Deg.C. 


Re- 
marks 


I 


49 


310 


30 


.0222 


65.0 


304 


94.25 


23 




2 


3.6 


41.0 


35 


.0259 


65.0 


2.7s 


95.18 


23 




3 


3-7 


530 


45 


.0332 


65.0 


2.60 


95.33 


23 




4 


4.0 


60 


50 


.0370 


65.0 


2.38 


95.79 


23 




5 


3.9 


70 


56 


.0414 


65.0 


2.32 


95.97 


23 




6 


3-8 


92 


65 


.0480 


65.0 


2.28 


96.24 


23 




7 


4.1 


102 


74 


.0547 


65.0 


2 .06 


96.60 


23 




8 


3-7 


^50 


100 


.0740 


65.0 


2.00 


96.78 


23 




9 


3.4 


192 


130 


.0960 


65.0 


1.92 


96.88 


23 




lO 


3.6 


296 


165 


. 1220 


65.0 


1.98 


97.00 


23 




11 


3.5 


365 


190 


.1405 


65.0 


1.95 


97.02 


23 




12 


3-4 


480 


210 


.1554 


65.0 


1-93 


9732 


23 




13 


3.4 


525 


250 


.1850 


65.0 


1-77 


97.48 


23 





Data op Transformer Tests. 
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CHAPTER VII. 

SYSTEMATIC DESIGN. 

60. The method here given for the design of 
transformers is based on the line of reasoning first 
pointed out by Mr. Gisbert Kapp. The attempt has 
been made to put the matter in such form that a de- 
signer may arrive quickly and certainly at the best 
transformer to meet given conditions, when cer- 
tain fixed conditions regarding transformer punch- 
ings available, etc., are given. It is believed this 
method has some advantages over that usually 
given. Methods similar to this are no doubt used 
by designers of transformers for the manufacturers, 
but for commercial reasons these are not pub- 
lished. 

In designing a transformer, we should strive 
for: 

(a.) High insulation; 

(6.) Good regulation; 

(c.) High efficiency (small core loss for high all- 
day efficiency) ; 

(d.) Small open-circuit current; 

(e,) High power-factor on open circuit; 

(/.) Small rise in temperature; 

(g.) Low first cost. 
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(These are not given in the order of importance 
because the order depends on the conditions to be 
fulfilled.) . 

In addition to the above, usually the following 
fixed conditions are given : the capacity, the primary 
or secondary voltage, the ratio of transformation, 
and the frequency. There are then to be determined 
(i) the number of turns and cross-section of copper, 
(2) the amount and quality of the iron, (3) the 
arrangement of copper and iron parts. The quali- 
ties of the transformer as given under a, 6, g, 

will, therefore, be determined by the last three 
variable elements. Some of the conditions, a, 6, 

g, axe opposed to others and a compromise 

must be made to give the best all-round trans- 
former. For example, if we strive for good regula- 
tion, we will increase the core loss or have poor 
insulation. Before beginning the design we should 
have a test of the iron which is to be used. 

61. Testing Transformer Iron. — Figs. 34 and 35 
give some curves of the properties of annealed sheet 
transformer iron of two prominent manufacturers. 
The thickness of the iron was about 14 mils, 
the gauge ordinarily used for transformer work. 
Curves between B and permeability, B and watts 
lost per pound of iron at 60 p. p. s. are given. These 
samples of iron are probably as good as can be ob- 
tained at the present time. For any other frequency 
multiply the losses given in the curves by //60. 

In making the tests a transformer core of ten 
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potmds of iron was built up, and on this two windings 
were placed, one of one hundred turns for the current 
coil, and one of three htmdred turns for the presstire 
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Pig. 34. Tests of Transformer Iron. 



coil. The size of the stampings was 2 inches x 4 
inches, and these were built up into a rectangular 
core having outside dimensions of 6 inches x 6 
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inches, the cross-section of the core assembled being 
2 inches x about lYj inches. Simultaneous values 
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Fig. 35. Power Factor (=cos 0) of Magnetic Circuit. Tests of 
Transformer Iron made in E. E. Laboratory. 



of current to magnetize the iron, the watts lost in 
the iron and voltage supplied were measured, and 
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from these readings the curves were derived. In 
order to get accurate comparative results, the wind- 
ings were fixed relative to a frame, which received 
the iron, so as to insure that each sample was being 
tested under the same conditions. Care was also 
taken to have the frequency and wave form the 
same in each case. The wave form was practically 
a sine wave. 

This is believed to be a very good method to ob- 
tain accurate comparative results of the magnetic 
properties of iron. The primary current winding 
should be about No. i6 and the potential winding 
about a No. 20 wire, in order to introduce no error 
due to resistance. 

The value of the permeability was calculated 
from the ratio B/H^, in which H^ is the magnetizing 
component of the energizing current. That is, H^ 
was calculated from the formula 

^ 4^5^',^ _ A^SI^ Sin Q 
*" 10 / ~ 10 / 

(See Fig. 15). The values of Sin Q were obtained 
from the power factor as determined by the watt- 
meter, ammeter, and volt-meter. B was determined 
from the equation 

E = sy^7tSABf/io\ 

E being the e.m.f. impressed on the 5 turns. For 
the particular case 5 = 26o£; 7/^ = 4.38 7^, Sin 0. 
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62. Separation of Core Losses. — Several methods 
have been used for separating the core losses. The 
method here given will be found convenient where 
the alternator may be run at different frequencies. 
Fig. 36 shows the curves for the core loss of a 4 K. W. 
transformer at different voltages and at three dif- 
ferent frequencies. This transformer was designed 
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Fig. 36. Core Losses of 4 K. W. Transformer. 



for 60 and 120 cycles, but the density at 60 p. p. s. 
being about 6,000 lines per square centimeter, it may 
be operated at 30 cycles without saturation, and 
hence the curve for 30 cycles does not bend to the 
right as does that shown in Fig. 32. 

The striking thing about these curves is the small 
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increase in the loss for the same voltage when the 
frequency is decreased. For the same voltage applied 
the eddy current loss remains the same, if the dis- 
tribution of magnetism remains the same. The in- 
crease for the same voltage then represents the 
increase of the hysteresis loss. If Steinmetz's law 
holds, the hysteresis loss at 30 cycles shovild be about 
1.5 times that at 60 cycles, as may be shown as 
follows : 

F is eddy current loss and H the hysteresis loss. 

If now we reduce the frequency one-half, we 
double the induction. Hence we have, 

W,,^F + k {30B2) {2By'^F + k (60S) B-'2' 
= F + H^^2 •* = F + 1 . 5 Heo (practically) 

That is, if the law B^'^ holds, then multiplying the 
difference between the core losses at 60 and at 30 
cycles, at a given voltage, by two, should give the 
hysteresis loss at 60 cycles. The losses on the trans- 
former measured, at 60 cycles and 100 volts, was 
5672 watts, and at 30 cycles 70 watts. The differ- 
ence is 13V2 watts. Multiplying this by two gives 
us 27 watts for the hysteresis loss at 60 cycles, 
leaving 2972 watts, or more than one-half to be 
accoimted for by the eddy current loss. This does 
not seem possible from an examination of the curves, 
and therefore we suspect that the exponent 1.6 is 
too large for this iron. 
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If we measure the core losses at three different 
frequencies, the exponent of B may be determined. 
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Fig. 37. Hysteresis Loss. 
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Writing the exponent i + a, we obtain by proceeding 
as before, the following equations: 

TF.„ - Ty.„ = //., [(60/30)" - I] =//„ (2" - I). 
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Taking the average of a number of readings at 
different voltages, the left hand member is found to 
be about 2.1, which makes the coefficient a little less 
than 1.5 instead of 1.6 as given by Steinmetz's 
fonnula. If we assume 1.5 to be approximately 
correct, we get the equation: 

In Fig. 36, the curve of eddy current loss found 
in this way is shown. Plotting the hysteresis loss 
on a separate sheet we obtain Fig. 37. 

Types of Transformers. 
63. There are two types of transformers coming 
into general use, the shell type and the core type. 




Fig. ^8. Core Type Transformer. 

Fig. 38 shows a typical example of the core type, and 
F'ig- 39 01^^ of the shell type. In the two types the 
copper and iron change places. 
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Fig, 39. Shell Type Tmnsformer. 
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In the core type we have a long magnetic circuit 
and a short copper circuit. In the shell type a short 
magnetic and a long copper circuit. The iron 
laminations in the core type are rectangular in shape, 
and hence there is no waste of material. In order 
to get the advantage of a circular form for the copper 




Fig. 40. Core Tjrpe Transformer. 
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Fig. 41. Shell Type Transformer. 



and still have the coils fit the iron as closely as pos- 
sible, one manufacturer gives the core a section as 
shown in Fig. 40. 

For the shell type a rectangular punching may be 
used and the core built up as shown in Fig. 41. For 
large transformers this construction is nearly always 
Vised, To reduce the ntxmber of air gaps and still 
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not have much waste material one manufacturer 
uses a punching as shown in Fig. 42. Another 
manufacturer has accomplished the same thing by 




Fig. 42. Transformer Punchings. 
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Fig. 43. Transformer Punchings. 

using a punching as shown in Fig. 43. In large 
transformers the core is nearly always divided in 
the middle as shown in Fig. 41, in order to increase 
the radiating surface. 



64, The core type has the advantage of low cost 
of construction, good insulation and large radiating 
surface, the coils being especially well ventilated. 
The core type has the disadvantage of large iiiagnetic 
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leakage, especially when built for high voltages, on 
account of the long magnetic circuit. The long 
magnetic circuit necessitates a large number of turns 
in order to keep the open circuit current from 
being excessive. A large number of turns and 
a long magnetic circuit are disadvantageous when 
the transformer is to regulate well for inductive 
and capacity loads. For large capacities, or when 
built for high voltage, the shell type is generally 
used. 

The shell type is generally more expensive to con- 
struct, is more difficult to insulate and has smaller 
radiating surface, since the construction is more 
compact. It has the advantage of a short magnetic 
circuit and small number of turns. The advan- 
tages and disadvantages of the two types will be 
made clear by following through the design of a 
transformer of each type. 

A distinct difference exists between European and 
American practice with regard to transformers to be 
used on polyphase circuits. In Europe three-phase 
transformers are very generally used. For three- 
phase circuits such transformers have three legs 
united by yokes common to the three, one phase 
being wound on each leg (Fig. 44). For two-phase 
work the same magnetic structure may be used, the 
middle core being unwound and having a section 
equal to the \/2 times either of the others. The 
advantages of this construction, especially for three- 
phase, are economy of material and compactness. 
These small advantages appear to be offset by 
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constructional difficulties, and by the fact that a 
breakdown of one leg throws the whole unit out of 
service. In America the practice of using single 
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Fig. 44. Three Phase Transformer Core. 

transformers grouped in different ways for three- 
phase work is quite general, and such practice seems 
to commend itself because of the advantages it 
presents. 

Design of Transformers. 

65. We have as the fundamental equation in 
transformer design: 

E^^l7tSABf/io\ (29) 

.1 is the area of cross-section of core. 

At a frequency of 60 cycles* per second, this becomes 



£X3:7SXio« _ ^. 
B "^^• 



(30) 



♦Commercial frequencies vary from about 15 to 150. 
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SHELL TYPE. 

Let us design a transformer of the shell type. In 
order to get the simplest results, it is well to express 
all linear dimensions in terms of one dimension of 
the transformer. We shall refer all dimensions to the 
length a, Fig. 45 (a is in centimeters). The width 
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Fig. 45. Shell Type Transformer. 

of the Opening for the copper is ba, b is usually 
about unity. The depth of the opening for the 
winding space is ca. c is usually between one and 
two. The length of the core, not allowing for iron 
insulation, is da, and allowing 10% for insulation 
it is i.ida. d usually varies from lY^ to 4, Let us 
assume that the ratio of the area of the winding 
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space to the total cross-section of copper in pri- 
mary and secondary is r. r for 2,000 volt shell 
type transformers is about 1.5 to 2. For higher 
voltages r must increase. The number of turns on 
the winding, having an e.m.f . £, is S. The area of 
cross-section of one winding is a^S, a* being the 
cross-section of one wire in square centimeters. 
Since the current varies inversely with the number 
of turns, the total cross-section of both windings, 
assuming the same density in each winding, will be 
20^5. The ratio of the area of the winding space 
to space occupied by copper is r, therefore, 

2 a}S = bca^/r, giving (3 1 fl) 

a}^bca^/2rS, (31^) 

But we have from (30), putting da^ for A, 
Sda^B =£X3. 75X10'; therefore, 

hcda'B 
2r£; 3.75X10' (31c) 

If we assume a density of 150 amperes per square 
centimeter (this corresponds to 1,300* circular mils 
per ampere), we get by multiplying the above equa- 
tion by 1 50 jE, 

bcda^B 
Capacity in watts =— ^y 

Capacity in K. W. = -. (32) 

5r lo* 

♦This density is quite common. 
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66. The volume of iron, not allowing for any 
corners that may be cut oflf, is 

V = 2da^ {c^h-\-i). 

2X7.7^^' ((7 + 6+ i) 



Weight of iron in pounds = 



4S4 
(Density of iron assumed 7.7.) 

Divide this equation by (32) and we get the weight 
of iron per K. W. 



Weight of iron per K. W. 

i7XioV(g + fe + i ) 
bcaB 



(33) 



67. If kB^'^ gives the iron loss in watts per pound 
of iron at 60 cycles per second, then the percentage 
iron loss will be 

Percentage iron loss 

Wt. of iron per K.W. xkB^'"" X 100. 

1000 (34) 

The value of kB^'^ may be taken directly from a 
curve as given in Fig. 34 for any particular value of 
B. The percentage of full load current on open cir- 
cuit to supply the hysteresis loss will also be given 
by equation (34). 
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68. The mean length of a copper turn may be 
taken as 2.2da+2a + 8 {ba/2) (this Will allow suffi- 
cient length for the division of the core at the middle 
as shown in the figure). The volume of copper is 
equal to this mean length multiplied by the cross- 
section, giving 

V = 2a}S {2.2da + 2a + ^ha). 

Or, substituting for 2a^S the value given in (31) we 
get 

2X9>.()bca? 

Wt. of copper =' (i. 1^+26+ i). 

454^ 

Dividing this equation by (32) we get 

19.6X10^ 
Wt. of copper per K. W. = — ^-5 — (1.1^^+26 + 1). 

(35) 

69. The percentage IR drop may be determined 
as follows : The length of one winding is 

5 {2.2da + 4ba + 2a). 
Replacing 5 by its value in terms of a we get 

Length of copper = ^^^'^S^^^' (i.iJ+ 26+1) (in ft.) 
daB ^o.s 

Since 1,300 circular mils are allowed to one ampere, 
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the IR drop in one winding will be, assuming the 
resistance per mil foot to be ii, 

JaJ5x 30.5X1300 

And the percentage IR drop in both windings will 
be this value multiplied by 2 X ioo/£, giving 

Percentage IR drop = "^^^ (i.id+26+i) 

daB 

= .213 (wt. ot copper per K. W.) (366) 
70. The mean length of the magnetic circuit is 

The magnetizing current in virtual amperes is 
i^ = .S6s W/^5. 

In place of / put its value from above, and in place 
of S its value from (31), and. we get 

. .565B (c + b-hi) 4ra^ 



ubca 

Multiply and divide the. right hand member by 150, 
and substitute for i5oa^ the full load current of the 
transformer. Then the magnetizing current in per- 
centage of full load current will be given by the 
equation : 
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Percentage magnetizing current 

oca ^ 

The percentage open circuit current may be obtain- 
ed by taking the square root of the sum of the 
squares of (34) and (37). 

71. The copper radiating surface without spread- 
ing the coils, is 

2 (38a) 

The iron radiating surface, assuming the core 
divided as in Fig. 41,. is 

2a^ (2d+2cd+2bd-\-2b + c + 2) (386) 

72. Collecting the equations which are important, 
we get 

Sda'B^ £3,7 5 Xio\ (30) 

Capacity in K. W. ^bcda^B/srio^ (32) 
Wt. of iron per K. W. 

i7Xio'r{c + b+i) ^. ., , , , 

Percentage iron loss 

wt. of iron per K.W. XkB^'"" 

10 (34) 
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Wt. of copper per K. W. 

19.6 Xio* X(i.id+2b+i)^, ,, ^ 

d^ (^" ^^'-^ 

(35) 

42X10* (i.id+2b+i) 
Percentage//? drop = ^^ ^^^^^ 

= .213 X wt. of copper per K. W. (366) 

Percentage magnetizing current 

1.5 {c + b+i)rB 

bca n (37) 

For any other frequency multiply right hand mem- 
ber of (32) by //60, and (30), (33), (35) and (36) by 
60//. For any other circular mils per ampere mul- 

1300 
tiply (32) and (36a) by ^.m. per ampere, ^^^ ^^3), 

cm. per ampere 
(34), (35) and (37) by ^^ ' 

73. In practice, one or more of the values 6, c, rf, a, 
or B, may be fixed. The stamping may be given 
and it may be required to find the length of the core 
to give the required capacity. Or, the problem may 
be to find what values of 6, c, and rf, will give us the 
best transformer for the given conditions. Let us 
assume 6 = 1, ^ = 1.5, ci = 3, 5 =6,000, and r = i.s. 
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and make a calculation for a 5 K. W. transformer. 
Substituting the values given in (32) we get a = 6. 13 
centimeters. Substituting this value in (30) we get 
for the secondary turns, if the secondary voltage is 
no, 5 = 62. Substituting in the other equations, 
we get 

Wt. of iron per K. W. = 16.2 lbs. 
Percentage iron loss = 1.13. 
Wt. of copper per K. W. = 1 1 lbs. 
Percentage IR drop = 2.33. 
Percentage magnetizing current = .94. 
Percentage open circuit current 



= V(i.i3)' + (.94r=-i.6. 

Power factor on open circuit = 1.13/1.6 =.7. 
Radiating surface = 400 square inches. 
Total loss at full load in watts 

= S,ooo (2.33 + 1.13) = 173 watts. 

Watts lost per square inch of radiating surface = .4. 

The approximate rise in temperature may be de- 
termined from the curves in Fig. 46. As seen from 
the curves the temperature rise would be too high, 
and the losses would have to be reduced or the 
radiating surface increased. 

It is easily seen by inspection of the formulae 30 to 
37 what must be done to change these results in any 
desired way. If, for instance, the percentage IR 
drop is too large, it is evident from a glance at (36a) 
that the only thing that can be done to appreciably 
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affect the result (since a and B cannot be increased 
much more) is to increase the circular mils per 
ampere. 
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Fig. M Watts per sq. in. of radiating surface 

Fig. 46. Watts per Square Inch Radiating Surface. 
(From data by Mr. Gisbert Kapp.) 

74. The capacity increases as the fourth power of 
the linear dimensions, the losses as the third power, 
and the radiating surface as the second power. For 
large transformers, therefore, it becomes necessary 
to provide more efficient means of getting rid of the 
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heat or to reduce the losses. Suppose we see the 
effect of doubling the value a, leaving everything 
else the same. The capacity, losses, etc., of the 5 
K. W. transformer we will call tinity. 

STANDARD NEW 

(5 K. W.) DESIGN 

DIMENSION a. DIMENSION 2a 

Turns i i 

K. W I i6 

Wt. of iron per K. W i V^ 

Wt. of copper per K. W i Vj 

Per cent, iron loss i V2 

Per cent, copper loss i V^ 

Per cent, open circuit current .1 V2 

Watt loss 1 / 
Radiating surface* 

The large transformer has half the percentage 
losses of the smaller but the watt loss per square inch 
of radiating surface is also reduced one-half. In 
the large transformers, if these values are to obtain, 
more efficient means of cooling must be provided, 
tinless in the smaller the rise of the temperature 
was considerably below the limit. 

Small transformers are usually air cooled. Larger 
transformers are submerged in oil. In the very large 
sizes, coils carrying running water are put into the 
containing tanks to keep the temperature down to 
reasonable limits. 

In the design of large transformers, care. must be 
taken to subdivide the copper in order to prevent 
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eddy current loss. The copper area must be di- 
vided and the parts insulated from each other. The 
failure to divide the copper may result in an eddy 
current loss within the conductor at no load so 
great as to bum the insulation. 
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Fig. 47. Core Type. 



CORE TYPE. 



75. We may treat the core type in a similar way. 
Referring to Fig. 47, a is the width of the lamination, 
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We will assume a square section for the core. If the 
core is not square, the formulae derived will apply 
with little error if we determine for the given cross- 
section the equivalent square and use the equivalent 
value of a thus found. The width of opening is ba 
and the length ca, b is usually between i and 2, and 
c between 3 and 5. The ratio of winding space to 
copper is greater in the core type than in the shell 
type, r may be between 2 and 3 for 2,000 volt 
transformers. 

We have for this case BSa^ = jEX3.7SXIo^ (38) 
As before we have 

2a'S='bca^/r, giving 

Capacity in K. W. =bca*B/$rio^. (39) 

The volume of iron is 2a* {b + c+2), and hence 

17X10V {b + c + 2) 
Wt. of iron per K. W. = ^^ • (^q) 

wt. perK. W.XfeB^-* 
Percentage iron loss = • / . j) 

The mean length of a copper turn may be taken 

as 4(a + 6a/2), and the volume of copper becomes 

2a'S X 4 (a + ba/2) . Substituting bca^/r for 2a'S, we 

get 

2bca^ 
Vol. of copper = (2 + b). 

Hence, 

19.6 X 10* (2+b) 
Wt. of copper per K. W. = —5 • ( .2) 
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D ^ TT?A 42X10' (2 + fc) 
Percentage IR drop -^ ^^^^^ 

= 0.212 Xwt. of copper per K. W. (436) 

The length of the magnetic circuit is 2a X (^ + fc + 2). 

The percentage magnetizing current becomes, 

Percentage magnetizing ) _ i-S {c + b-\-2)rB 

current ) "" bca fi (44) 

The copper radiating surface is 

4a' (2C + 2b + P + 2bc). (45^) 

The iron radiating surface is 20^ (36 + 8) (45^) 

76. Collecting formulae, 

B5a*=£;X3.75XIo^ (38) 

Capacity in K. W. -=bca*B/$rio^. (39) 

Wt. of iron per K. W. - '^^'''\,aB^' (40) 
Percentage iron loss 

wt. of iron per K. W. Xfeg'*' 

10 (41) 

W t . of copper per K. W. = ^ . v 

TD ^ T7?A 42X10^2 + 6) 
Percentage IR drop = ^ ^^^^^ 

(at 70'' F.) =0.212 Xwt. of copperper K.W. (436) 
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Percentage magnetizing current 

1.5 (c + b + 2)rB 
"" bca n (44) 

For any other frequency, multiply right hand 
member (39) by //60, and (38), (40), (42) and (43) 
by 60//. For any other circular mils per ampere, 

1300 
multiply (39) and (43a) by ^.m. per ampere' 

cm. per ampere 



and (40), (41), (42) and (44) by 



1300 



77. Let us calculate a 5 K. W. core type trans- 
former. Take 6 = 2, (7 = 3, r = 2, and B = 6,000. We 
get from (39) = 6.14. This gives S about 180 for 
no volts, which is too large. Increase B to 9,000, 
and decrease fe to 1.5 ; this gives us a = about 6, and 
5 = 120. This is large for 5, but will do. Substi- 
tuting these values in (40), (41), etc., we get 

Wt. of iron per K. W. =9.2 lbs. 

Percentage iron loss = 1.17. 

Wt. of copper per K. W. =12.5 lbs. 

Percentage IR loss = 2.5. 

Percentage magnetizing current = 1.43. 

Percentage open circuit current 

= V(i.i7r+(i.43r = i^9. 
Power factor = 1.1 7/1.9 = .62. 
Watts loss at full load = 5,000 (.0117 + .025) = 184. 
Watts loss per square inch of radiating surface = .36. 
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78. Comparing the two types for the dimensions 
chosen we get : 

CORE. SHELL. 

Wt. of iron 46;^ 8i:£ 

Wt. of copper 63;^ 55j£ 

Total wt 109^ 136;^ 

Per cent, iron loss 1.17 1.13 

Per cent, copper loss 2.5 2 .33 

Per cent, open circuit current 1.9 1.6 

Power factor 62 .7 

Total loss at full load 3 67% 3 .46% 

Watt loss , 

36 .4 

Radiating surface 

The core type is generally characterized by small 
weight of iron and large weight of copper, a large 
number of turns and large open circuit current. The 
increased cost of copper in the core type is off -set by 
low cost of insulating material and labor of assem- 
bling as compared to the shell type. 

79. Design of Induction Coils — Induction coils 
of large capacity aCre beginning to be used for neu- 
tralizing the charging current of transmission lines. 
For a line 150 miles long, and operating at 60,000 
volts, at 60 p.p.s., the charging current is about 31 
amperes. This means that the apparent energy put 
into the line at no load is about 3,000 K. W. It is 
desirable that this be reduced, and it may be 
accomplished by the use of induction coils. It will 
generally be economical to neutralize about 50% 
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of the charging current — more or less depending 
on the particular conditions. Whether or not coils 
are to be used in any particular case depends on 
the ratio of the load current to the charging current. 
Recently there have been installed, by the Bay 
Cotinties Power Co., of California, on the recommen- 
dation of the author, three coils having an aggregate 
capacity of 2,500 kilo- volt-amperes at 60,000 volts, 
the line potential for which the coils were calculated. 

80. The coils may be constructed like core type 
transformers having no secondary winding. There 
must, however, be a small air-gap in the magnetic 
circuit to increase the lag angle of the current taken 
by the coil. Equation (29) applies to coils as well 
as to transformers. The other formulae developed 
for the transformer apply also excepting the one for 
the magnetizing current. The magnetizing current 
of the coils is the total current they are to take from 
the line. The iron part of the magnetic reluctance 
may be neglected in comparison with the air-gap 
reluctance ; the current taken by the coils may 
therefore be written 



47t 



5\/7 



in which / is the length of the air-gap. After choos- 
ing B we see that 5 depends on the length of the air- 
gap. In order to get an economical design S must 
not be too small. For small values of / the cost of 
materials varies practically inversely as /. 
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81. On account of the large magnetic potential 
which would exist across the air-gap, if only one or 
two gaps were put in the magnetic circuit, a large 
stray field would be produced which would result in 
excessive eddy currents in the iron laminations. To 
reduce the eddy currents a large number of air-gaps 
should be put in the magnetic circuit. 

82. Compensators. — For certain purposes trans- 
formers are built with a single winding tapped at 
different points, as shown in Fig. 48. As a trans- 
former, this method of construction is very inferior 
in every way to that where two separate windings 




Fig. 48. Compensator. 



are used. Compensators, or economy coils, as they 
are called, are very often used to reduce the voltage 
for arc lighting on constant potential mains. Such 
transformers, sometimes called auto-transformers, 
are also used to reduce the voltage in starting 
certain types of induction motors. 
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CHAPTER VIII. 

circuit regulators, series transformers, con- 
stant CURRENT transformers, COMPENSATING 
VOLT-METER. 

83. Circuit Regulators. — In large stations where 
there are several circuits supplied from the same 
generator, or from the same set of bus-bars, it becomes 
necessary, in order to keep all the lamps at the same 
brilliancy, to provide some means of adjusting the 
potential of each circuit independently. Suppose a 
single-phase generator feeds several circuits, the cir- 
cuits being different in length and having loads dif- 
fering in character and amount. Without some 
means of changing the pressure of any circuit inde- 
pendently it will, obviously, be impossible to keep 
constant potential at the lamps for all the possible 
changes of load in the different circuits. This trouble 
is remedied by a separate circuit regulating device. 




Fig. 49. Stillwell Regulator. 

84. Fig. 49 shows diagrammatically the Stillwell 
regulator, made by the Westinghouse Company, for 
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adjusting the pressure of different circuits inde- 
pendently. Evidently connections may be made to 
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Fig. 50. Internal Connections of Stillwell Regulator. 



raise or depress the potential of the line. Pig. 50 
shows the internal connections of this regulator. 
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85. The power transformed in the regulating 
transformer is usually not more than io% of the 
power delivered to the circuit and since the regulat- 
ing transformer has an efficiency of at least 95%, 
the regulating device does its work with no appre- 
ciable decrease in the efficiency of the station. 
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Fig. 51. Stanley Co.'s Method of Regulating Potential. 



86. Pig. 51 shows the Stanley Company's scheme 
for regulating the pressure of the circuits. Three 
leads are brought to the switch-board from each 
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phase of the generator. Across two of these a 
regulating transformer is connected as shown, 

87. Fig. 52 shows one type of regulating device 
made by the General Electric Company. The pri- 
mary and secondary coils are stationary and at right 




Fig. 62. Connections for Feeder Regulator. 

angles to each other, the core being movable. By 
rotating the core the voltage may be raised or 
lowered without any change of connections. This 
type of regulator, on account of the air-gap between 
primary and secondary, necessarily introduces more 
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inductance in the line than those previously de- 
scribed. This company also manufactures a type of 
regulator similar to the Stillwell regulator. A type 
of regulator for three-phase circuits is shown in 

Fig. 53. 




Fig. 53. Three-Phase Potential Regulator. 



Referring to Fig. 5*4, which represents graphically 
the voltage of a single phase of the regulator, 
e = Generator voltage or the e.m.f . impressed on the 
primary; a 0= e.m.f. generated in the secondary 
coils, and is constant with constant generator e.m.f. ; 
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6' a! = secondary e.m.f . in phase with the generator 
e.m:f. ; ^ a! ==line e.m.f. or resultant of the generator 
e.m.f. and the secondary e.m.f. 

The construction of the regulator is such that the 
secondary voltage c? a is made to assimie any desired 
phase position relative to the primary e.m.f. as o /, 
o b, o c, etc. 
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Showing Theory of Regulator. 



When its phase relation is as represented by o /, 
which is the position when the north poles and the 
south poles of the primary and secondary windings 
are opposite, the secondary voltage is in phase with 
the primary voltage and is added directly to that of 
the generator. The regulator is then said to be in 
the position of maximum ''boost/* and by rotating 
the armature with reference to the fields, the phase 
relation can be changed to any extent between this 
and directly opposed voltages. When the voltage 
of the secondary is directly opposed to that of the 
primary or generator, its phase relation is as repre- 
sented hy o d in the diagram, while o b represents 
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the phase relation of the secondary when in the 
neutral position. 

In order to avoid the trouble experienced in ad- 
justing the voltages when each phase is controlled 
independently, the polyphase potential regulators 
are arranged to change the voltage in all phases 
simultaneously. 
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Fig. 55. Alternating System of Arc Lighting. 
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88. The Constant Current Transformer — Instead 
of constant voltage, we sometimes wish to produce 
constant current in the secondary with constant 
potential on the primary. We may do this by vary- 
ing automatically (i) the number of turns on the 
secondary, (2) the magnetic reluctance between 
primary and secondary, (3) the impedance in the 
primary or secondary. 

The first method, shown in Fig. 55, is used com- 
mercially on a small scale in this country and has a 
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Fig. 56. Constant Current Transformer. 



great many points in its favor. The second method, 
shown in Fig. 56, is used in the General Electric Com- 
pany's floating coil transformer. The secondary is 
made movable with respect to the primary, an in- 
crease in the current causing the secondary to be 
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repelled further from the primary on account of the 
repulsion of the primary and secondary coils. Being 
further away from the primary, there is less induced 
pressure and hence, a tendency to keep constant 
current. In the third method, shown in Fig. 57, 
circuits to the lamps are run directly from constant 
potential transformers. In each circuit, however, is 
connected a choke coil with variable self-induction. 




v/ 



Fig. 57. Alternating System of Arc Lighting. 



The motion of the coil with respect to the core 
causes more or less e.m.f. to be consumed by the 
coil. 

The second and third methods introduce poor 
power factors on the line on account of the poor 
magnetic circuit in one case and the introduction of 
a choke coil in the other. The first method is not 
open to this objection. 
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89. The Series Transformer — ^Very often we wish 
to measure the current or power in the high potential 
side of alternating current lines, but for safety it 
is not advisable to connect an ammeter or watt-meter 
directly in series with the line. In such cases we 
can get rid of the metallic connection to the line by 
the use of a series transformer, Fig. 58. One winding 
is connected in series with the line and the other in 
series with the ammeter or watt-meter. It can be 
readily seen that, because the resistance of the trans- 
former is not negligible in comparison with the im- 
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FiG. 58. Series Transformer. 

pedance and on account of the impedance intro- 
duced by the ammeter or watt -meter, the current 
of the secondary in this case depends (i) on the 
ratio of turns, (2) on the resistance and impedance 
of the transformer and the instruments connected 
in series with it, (3) on the permeability of the 
magnetic circuit of the transformer and instru- 
ment. To be accurate, therefore, an amnieter or 
indicating watt-meter must be caHbrated with the 
series transformer with which it is to be used, and 
the calibration must be made at the frequency of 
the circuit in which it is to be connected. On 
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accotint of the change in permeability for different 
values of current there will not be a straight line 
relation between the primary and secondary currents 
and, therefore, recording watt-meters will not record 
accurately throughout their range when used with 
series transformers, although, by a proper design, 
the error can be made small. 



90. Compensating Volt-meter — In operating a 
station it is important to keep the pressure at the 
lamps nearly constant. In order to do this, some 
means must be provided for determining the pressure 
at the centre of distribution. Pressure wires may 
be nm back to the station and the voltage deter- 
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Fio. 59. Compensated Volt Meter Connections. 

mined in this way. This, however, is expensive. In 
order to avoid the use of pressure wires, Mr. Mershon 
devised a compensator by means of which the station 
volt-meter may be made to read the pressure at the 
centre of distribution, approximately, for any line 
current or any power-factor of the load. 

Fig. 59 shows a diagram by which we may explain 
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the theory of the compensated volt-meter. The 
resistance of the line is R and the reactance Lm. 
The pressure at the centre of distribution is E. A 
current, /, flowing over the line consumes pressure 
due to the resistance equal to IR^ and a pressure due 
to the reactance of the line equal to Laol. At the 
generating station we have a potential transformer, 
7, with a ratio of transformation of, say, 20 to i. 
In series with the line at the station is placed a coil, 
the reactance of which is equal to Lao/ 20 and the 
resistance equal to R/20. It is clear, now, that the 
pressure consumed across the series coil will be 1/20 
of the pressure consumed over the line, the phase of 
the pressure being equal to the phase of the pressure 
consumed over the line. Across the series coil place 
a transformer having a ratio of i to i . If we connect 
the secondaries in series the volt-meter may be made 
to read the voltage E/20. Care must be taken to 
connect ab and cd in the right way. This may be 
done by noting the voltage across ab and ad when a 
lighting or motor load is on the line. The volt-meter 
'should read less when connected across ad than when 
connected across ab. If the transformer t has a 
ratio of I to 10, the series coil may be made smaller, 
the reactance being Loo/ 200 and the resistance R/200, 
Sometimes a compensator may be improvised by 
connecting a step-up transformer, t, across a certain 
length of the bus-bars in the station and connecting 
this in series with a transformer, T, connected across 
the bus-bars at the station. 
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CHAPTER IX...'''" 

TRANSFORMER CONNECTIONS. 

91 . The main ady ' ?;.tage of the alternating current 
over continuous f ol a general system of distribution 
is due to the facility with which the pressures may 
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Fig. 60. Single Phase Distributing System. 



be changed at any desired point by the use of trans- 
formers. Were it not for the transformer, our long 
distance transmission systems would not be in 
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-^ each district is placed one 
sUH^^i^nt capacity to carry 



existence. In this chapter some of the common 
connections of transformers will be given, 
'^-^--l ^^^^s diagrammatically the system of 
distributio'jfftSKi^ commonly used. The territory to 
be covered is divi^^ 1^^^ districts, and near the 
centre of distribution 
or more transformers of . 

the load, a secondary distribiJfc^ system being run 
to the individual consumers. Eateit.bank of trans- 
formers is generally fed over a separate^x^lfoni the 
station, so that regulators may be placed in the line 
and the pressure for each bank of transformers regu- 
lated independently. In districts which are near 
together, the secondary systems are inter-connected. 
Such a system necessarily uses more copper than the 
old system, where each consumer was supplied with 
a separate transformer. The gain in efficiency and 
decreased cost of transformers, however, more than 
coimterbalances the extra cost of copper. 



92. Nearly all manufacturers now make trans- 




FiG. 61. Primaries in Series, Secondaries in Series. 
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tormers with two primary and two secondary coils. 
The standard primary voltages are about 2,:«^oo and 
i,ioo with the secondary 220 or no. Figs. 61 to 



p^ 




Fig. 62. Primaries in Series, Secondaries in Parallel. 




Fig. 63. Primaries in Parallel, Secondaries in Series. 
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Fig. 64. Primaries in Parallel, Secondaries in Parallel. 



64 show the different ways of connecting a trans* 
former having two primary and two secondary coils. 



i:u The Altei^^^'^'^^ Current Trans 



FORMER. 



o,--^^here li^rlits are supphed on the three-wire 
T^T^^ -^^^^ necessary to guard against anv 
system, it BeSJs^.^^g jue to unequal In^^fZ fJt^ 
unbalancing of vhrn»m, , j Z^ . 1 ^ °^ *^^ 
two sides of the systeriC ^"/^«" constructed shell- 
practie>C"y no unbalancing of 



type transformers 
pressures takes place 



In the^ core type, however, 
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Fig. ()5a. G. E. Co.'s Method of Preventing Unbalancing of 
Pressures. 



if care is not taken so that a load on either side of 
the thiee-wire system produces the same magneto- 
motive force on each leg of the core, the secondary 
pressures will become unbalanced, if the two sides 
of the system are loaded unequally. 

Fig. 65a shows the General Electric Company's 
method of preventing unbalancing. Fig. 656 shows 
the method adopted by the General Electric Com- 
pany of Berlin for single-phase transformers, and 65^ 
showsthe method applied to three-phase transformers. 
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The lower figure in each ease gives the method adopted 
to prevent the unbalancing which would take place 
if connections were made as in the upper figure. 

A 
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BE 
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Fig. 656. Transformer Connections for Balanced Pressures. 
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Fig. 65c. Transformer Connections for Balanced Pressures. 

As shown, each primary coil is wotind for the full line 
voltage and the coils are then connected in parallel. 
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94. Three - Phase Connections. — Single-phase 
transformers may be used on three-phase systems 
in several ways. The most common connections are 
shown in Figs. 66 and 67. 'Fig. 66 shows the 





A 13 

Fig. 66. a to a Connection. 





Fig. 67. a to Star, or Y, Connection. 



** Delta" i^) to ** Delta" (^) connection. The three 
transformers are connected up in a ring as shown 
and the three line wires then connected to the points 
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A, B, C Both windings may be connected ** Delta " 
as shown in Fig. 66, or one may be connected 
** Delta*' and the other **Star/* or F, as shown in 
Fig. 67, or both windings may be connected "Star." 
In order to balance the loads one side of the trans- 





FiG. 68. A Connection for Three-Phase Converter. 





A' 
B^- ^C 

Fig. 69. Six-Phase Converter Connection. 



former is usually connected ** Delta'' wherever 
possible. 

The connection in Fig. 66 is used for three-phase 
rotary converters as shown in Fig. 68. If the rotary 
has six rings connected to six points, Ay By C, 
A\ B\ C\ as shown in Fig. 69 (this is called a 
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six-phase rotary), the same transformer will do, but 
each secondary is left independent. Fig. 69 will 
explain this connection. Another connection for a 
six-phase rotary, called the double "Delta" con- 




FiG. 70. Double A Connection for Six-Phase Rotary Converter. 

nection, is shown in Fig. 70. This connection is 
more complicated than that shown in Fig. 69, and 
is less economical of copper because the rotary 
voltage is less. 

Two-phase to Three-phase Connections. — For 

transmission a three-phase system is generally used 
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because it is most economical of copper. For dis- 
tribution a two-phase current is, in some, respects, 
simpler, and is, in some cases, preferred. Hence, the 




D c' a A 

Fig. 71. Two- Phase to Thrce-Phase Connection. 

necessity for transformation from three-phase to 
two-phase, or the reverse. 

If we connect the secondaries of a bank of three- 
phase transformers ** Delta,'' as shown in Fig. 71, 




^E 

Fig. 72. Two-Phase to Thrce-Phase Connection. 

pressures of different magnitude and phase may be 
obtained by tapping off at different points. For 
example, if we connect to C and a we get a pressure 
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of magnitude Ca and phase Ca. If we connect to 
C and C we get a pressure at right angles to AB but 

smaller, CC being equal to ^^. We may get a 

2 

pressure equal to CC in magnitude and at right 
angles to it by connecting to two points DD' such 
that the length DD' =^CC\ This gives us a three- 
phase to two-phase transformation, or vice versa, 
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Fig. 73. 
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Scott System of Two-Phase to Three-Phase Trans- 
formation. 



with three transformers. Evidently, in a three- 
phase *' Delta'* connection, one transformer, say BC\ 
may be left out as shown in Fig. 72. Two equal 
pressures may be obtained as shown in this figure. 
This gives, however, an unsymmetrical connection, 
the wire AC carrying the current of both sides of 
the two-phase system, unless a separate winding is 
put on. Another method of obtaining two equal 
pressures at right angles from a three-phase system 
is shown in Fig. 74. 

Perhaps the best connection for transformation 
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from three-phase to two-phase, or from two-phase to 
three-phase, is that due to Mr. C. F. Scott and shown 




Fig. 74. Two- Phase to Three- Phase Connection. 

in Fig. 73. The coil C contains 86% I =^^l as 

many turns as the coil AB, in order to give equal 
voltages across AB, BC, and CA, 
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Pig. 75. Three- Phase Generation, Two and Three-Phase Dis- 
tribution. 

95. Fig. 75 shows a three-phase generator and 
Scott transformers for transforming to two-phase. 
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The diagram in Fig. 76 shows different methodsl 
of grouping three-phase transformers for polyphase 
transformation. 

In the T connection, one of the transformers is 

wound for ^-^ times the voltage of the other, and 
2 

connected with one of its ends to the centre of the 

other. 




S-PhM* S-Phaae 8-PhaM 8-PhaM Soott system 

Delta(^)coiuMCtioii SurQ' ^conaection V. cuunocUoD T. connection. 8 to 2 phase 

Fig. 76. Methods of Grouping Single- Phase Transformers for 
Poly-phase Transformations. 



In a paper by W. L. R. Emmet, before the A. I. 
E. E., November 22, 1901, the three-phase system 
is strongly advocated in place of the single-phase or 
two-phase. The only difficulty in operating a three- 
phase system for a local distribution is to so divide 
the load that there will be little unbalancing of the 
phases. Mr. Emmet claims that this can generally 
be done. 

Two systems of low tension distribution may be 
used: the three-phase, four- wire system, and the 



Transformer Connections. 



143 



single-phase, three-wire system. The three-phase, 
four- wire system is shown in Fig. 77, and the single- 
phase, three-wire in Fig. 7.8. The first method is 
generally the more advantageous as there is less 
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Fig. 77. Four- Wire, Three-Phase, Low Tension System. 



unbalancing. There would be about 115 volts be- 
tween neutral and line wire and 200 volts between 
the line wires. 2 00- volt motors may then be con- 
nected directly between the line wires. 

Another system of distribution, which is coming 
into use, is .shown in Fig. 79. The Y connected 
generator gives about 2,300 volts between neutral 
and outside wire and 4,000 volts between terminals. 
This system, which is clearly shown in the figure, has 
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a niunber of advantages over the other two shown 
in Figs. 77 and 78. 

Mr. Emmet suggests that the following rules 
should always be kept in view when distributing 
systems are being arranged: ist. Reduce the num- 
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Fig. 78. Three-Phase Generator with Single Phase, Three-Wire, 
Low Tension System. 



ber of circuits to be regulated to a minimum. 2d. 
So arrange the system that variations not controll- 
able from the main station are made as small as 
possible. 3d. Reduce the amoimt of total drop on 
all circuits so that frequent changes will not be 
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necessary. 4th. Inter-connect the load in large 
groups, so that any variable load iinit will be small 
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Fig. 79. High Tension, Four- Wire, Three-Phase System. 



in comparison to the whole of which it forms a part. 
Figs. 77, 78 and 79 are from Mr. Emmet's paper. 
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CHAPTER X. 

COMMERCIAL TYPES OF TRANSFORMERS. 

I have attempted to collect such available material 
regarding commercial types of transformers as would 





Figs. 80 and 81. Converse Transformers. 

give the reader some idea of the type, general ap- 
pearance and constructional details of transformers 
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now on the market. All maniifacttirers were given 
equal opporttmity to furnish material, but a few did 
not respond to requests for information in time. 




Fig. 82. Water Cooled Converse Station Transformer, 333 K. 
W. for 80,000 volts. 
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The Converse Transformer Company, 
Pittsburg, Pa. 

This company makes shell type transformers. 
Figs. 80 and 81 show the external appearance of the 
I to 50 K. W. sizes. Pig. 82 shows a 333 K. W. 




Fio.[83. General Electric Type H. Transformer, Section 
Through Case, Coils and Core. 



transformer for an 80,000 volt, three-phase trans- 
mission system. This is claimed to be the highest 
voltage'Jtransformer for commercial work con- 
structed. 
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Fio. 85. Large General Electric Shell Type Transformer in 
Process of Construction. 
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Fio. 86. 800 K. W. General Electric Water Cooled Large Trans- 
former Without Case. 



162 The Alternating Current TRANSPoftMEft. 
General Electric Company, Schenectady, N. Y. 

For lighting purposes, this company builds a core 
type transformer. As shown in Fig. 83, the trans- 
former is provided with a cast iron case and the case 
is filled with oil. Fig. 84 shows the parts of a core 
type transformer. 
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Fig. 87. Heat Test on General Electric 7.5 K. W. Transformer. 

For transformers of large capacity the shell type 
of construction is used. Fig. 85 shows a shell type 
transformer in process of construction. These trans- 
formers are made for cooling by air blast, Fig. 
85, or water-cooled as in Fig. 86. 

Fig. 87 shows a heat test of a 7 . 5 K. W. core type 
transformer. 

Fig. 88 shows the method of installing transform- 
ers for th ee-wire distribution. 
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Fio. 88. Method of Handling and Installing Transformer. 
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The Lakon Company, Elkhart, Ind. 

A core type transformer is maniif acttired by this 
company. The general appearance, externally and 
internally, is shown by Fig-. 89 to 91. 




Fig. 91. Interior of Lakon Transformer. 
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Moloney Electric Co., St. Louis, Mo. 

^ This company also makes core type transformers. 
The general appearance and construction are shown 
in Figs. 92 to 93. 




Fio. 92. • Type A 5 K. W. Moloney Transformer. Front View 
Showing Lead Wires and General Appearance. 
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Pio. 93. Tjrpe A, Moloney Transformer, Showing Ventilating 
Slots and Air Circulation in and around the Transformer Coils. 
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FlQ. 94. Method of Instaling Packs^xl Transformer. 
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New York and Ohio Co., Warren, Ohio. 

** Packard " transformers are maniifacttired by this 
company. This is a core type transformer. The 
general appearance and method of installing; are 
shown in Fig. 94. The arrangement of coils and 
core is shown in Fig. 95. 







Fig. 95. Arrangement of Core and Coils in Case of Packard 
Transformer. 
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Stanley Electric Co., Pittsfield, Mass. 

This company was one of the first to maniifacttire 
transformers on a commercial scale in this cotmtry. 
Both shell and core types are constructed. For its 
lighting transformers the company uses the shell 
type as shown in Fig. 96. Figs. 96 to 98 show the 
general design. The transformer case is filled with 
oil. 

This company has maae a great many transform- 
ers for high voltage transmission systems.* 




Fig. 98. Method of Separately Winding and Insulating Coils of 
10 K. W. and 4 K. W. Type A. O. Stanley Transformer. 

♦For illustrated description of the high voltage transformers 
in the power house of the Bay Counties Power Co.. at Colgate, 
California, by Mr. Edw. Heitmann and Wm. Currie, see the 
Journal of Electricity , Power and Gas, for April, 1992. 
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Fig. 99. Two K. W., O. D. Westinghouse Transformer without 

Case. 
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Fig. 100. Lifting O. D. Westinghouse Transformer from Case. 
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Fig. 101. Parts of O. D. Westinghouse Transformer. 




FiQ. 102. Method of Installing Westinghouse Transformer. 
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Westinghouse Electric and Mfg. Co. 
Pittsburg, Pa. 

This company makes a shell type transformer ex- 
clusively. Its design is very neat and compact. 

lOOi 1 1 r-^ — I 1 1 1 \ 1 1 




EFFICIENCY CURVE 

1 K. W., O. D. TRANSFORMER 

2100 VOLTS -7200 ALTS. 

PULL LOAD 04.70J( 

X " »♦.♦<>)< 

H << 03.20)( 

X " 88.78J( 

Vio <■« 77.00Jt 

IRON LOSS 30 WATTS. 

BEOULATION-NON INDUCTIVE LOAD 2.70)( 
< ' LOAD HAVINQ 00)( P. F 8. 40j( 

" " " 60J( «« 8.4BJ( 



J .2 .8 .fl .5 .6 .7 .8 .9 1.0 

PROPOKTION OF FULL LOAD 

Fig. 103. Efficiency Curve, Westinghouse Transformer. 



The case is oil filled. Figs. 99 to 102 will give a 
good idea of the design and construction. 

Figs. 103 and 104 give the electrical character- 
istics of these transformers. The standard 0. D. 
transformers, for 60 cycles, of from i to 5 K. W., 
may be operated at any frequency from 40 to 1,333, 
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and the standard 5 to 50 K. W. may be operated at 
25 to 30 cycles. Small transformers are made self- 
cooling. Large transformers are made self-cooling 
or water-cooled. 
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Fig. 104. Efficiency Curve, Westinghouse Transformer. 



Fig. los gives the results of a heat test, showing 
clearly the advantage of the oil-filled transformer. 

Fig. io6 shows the time required to raise the tem- 
perature 50° C, with different loads on the Wagner 
transformer. A large percentage overload may be 
carried for a short time without injuring the trans- 
former. 
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TEMPERATURE RISE IN DEGREES CENTIGRADE. 
8 g_ fe 8 g S i_ 




168 The Alternating Current Transformer. 





























































































1h 

-A 
























WESTINGHOUSE 

3 K. W., 0. D. TRANSFORMER, 
7200 ALTS. WITH OIL. 

APPROXIMATE TIME- 
TEMPERATURE CURVES. 


































I 


































i 


















/ 
















^A 


/, 






















/ 
















.>^ 


.)^ 




f 














^ 


J^ 




J 


/ 













"^ 


eT/S. 


^T\^9. 


^ 


^ 

















_STAi 












' ' 















*M *>i Ni j.ndj.no 



Commercial Types. 169 

Allgemeine Elektricitats Gesellschapt. 

This company uses the core type, both for single- 
phase and three-phase transformers. Its method 
of constructing three-phase transformers is shown 
in Fig. 107. 




Fig 107. Three- Phase Transformer. 

Brown, Boverie & Co. 

For single-phase work this company makes a 
transformer similar to that made by the Maschinen 
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Fabrik Oerlikon, and shown in Fig. 122. For poly- 
phase work the firm uses single-phase transformers. 
For transformer stations the firm uses the tower 




Fio. 108. View of Transformer Tower; Secondary Side Open. 
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construction shown in Fig. io8, which shows a 
tower in the Olten-Aarburg system. The primary 
side of the tower is shown in Fig. 109. 




Fio. 109. Interior of Transformer Tower; Primary Side. 
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Brush Electrical Engineering Co. 

This company makes shell type transformers. A 
special transformer constructed to comply with the 
requirements of the Board of Trade for use in imder- 
groimd sub-stations is shown in Fig. no. 




Fig. 110. Transformer for Underground Sub-stations. 

Electricitats-Aktien-Gesellschaft. 

For single-phase work this company uses the core 
type of construction. The company's three-phase 
transformer is shown in Fig. iii. As shown, the 
length of magnetic circuit for each phase is the same. 
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Fig, 111, Three- Phase Transformer, 
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Ferranti Transformers. 

Figs. 112 to 114 show a Ferranti standard trans- 
former in position for lowering into a sub-station 
tank, and also the 
transformer in tank 
complete. The trans- 
former is wholly en- 
closed in a water-tight 
tank, the only joint 
being made by machin- 
ed surfaces bolted to- 
gether and packed with 
suitable mat rial. 

Special attention is 
given to the shield- 
ing of all high tension 
t rminals and fittings. 
The circular chamber 
at the top contains a 
Ca^'dew earthing device, 
the high tension and 
low tension terminals 
which are designed for 
single, concentrii^ or 
two-core cables, provis- 
ion being made for sealing the ends of paper cables. 
This chamber can also be fitted, if desired, with 
high tension and low tension fuses. The cable 
glands and lid joint are water-tight, and the latter 
is especially designed for easy and quick removal. 




Fig. 112. 
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These tanks are made in three sizes to take 20, 30, 
or 50 K. W. transformers; they will take, if neces- 
sary, the intermediate sizes of transformers. 




Fig. 113. 



Fig. 114. 
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The illustrations, Figs. 115 and 116, show one of 
the standard types of Ferranti transformer and ven- 
tilated cover. This construction is specially applica- 
ble for use in places which are perfectly dry, such 
as main generating stations or well constructed sub- 
stations. 

The transformer proper is clamped together by 
two solid plates at the top and bottom. The top 
plate is furnished with eye-holes for lifting purposes. 
The bottom plate is in cast iron and contains re- 
ceptacles for receiving cable terminals, etc. The 
cables enter through glands (shown in illustrations), 
and it is possible, after these have been connected 
up to the terminals, to run the whole recess in with 
a preservative compound, thus affording efficient 
means for sealing the ends of the cables and ensuring 
against break-downs on these connections. 

(i.) Higher efficiency at heavy loads owing to 
better ventilation. 

(2.) Larger output if the temperature rise is tht 
same as in its coimterpart in an air-tight tank. 

(3.) Less initial cost, due to cheaper construction 
of the containing cases. 

The following are standard sizes: 5, 10, 15, 20, 30, 
40, 50, K. W. for periodicities of or about 50 and 
100 cycles per second. 

Ganz & Co. 

This company, like most of the European com- 
panies, makes single-phase and three-phase trans- 



178 The Alternating Current Transformer. 




Fig. 117. 
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Fig. 118. 
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formers. Shell-type and core-type are usedjfor 
single-phase. The three-phase transformers have 
three laminated columns of square cross-section, dis- 
posed in one plane, the ends of the coltmins being 
imited by two laminated end pieces. On these col- 
tmins the primary and secondary are laid alternately, 
and are fixed by mears of projecting plates of the 
end pieces. For holding these plates together,[^and 



_r^T- 




Fig. 119. 

in order to secure the transformer to the ring-shaped 
base, there are employed four bolts passing through 
cast iron pipes. The polyphase transformers now 
made by Messrs. Ganz & Co. are of this type. The 
large sizes are somewhat different, but only in the 
construction of the base. 

A 300 K, W. single-phase transformer for a current 
of 25 periods, 5,000 volts primary and 430 volts 
secondary, is shown in Figs. 117 to 119. The core 
of this transformer is composed of two circular col- 
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umns of iron plates and has connecting-parts, of two 
horizontal biindles of plates ; the iron core, therefore, 
forms a simple magnet circuit. The whole trans- 
former rests on a cast iron base, composed of two 
parts, enclosing the under connections of the iron 
core. The two parts of the base are held by bolts, 
while the cast iron piece holding the upper part to- 
gether is secured by means of two forged iron rods, 
so that the whole iron construction is strong and 
rigid. Directly on the iron core are the primary 
coils, and surroiinding them are the secondary coils, 
in such a way that the air may circulate freely be- 
tween them. For the same purpose the iron core of 
the transformer, in the direction of the plates, is 
provided with air openings, securing good ventila- 
tion. The secondary coils are made of copper bars 
of .98 inch square. In this transformer, when loaded 
for a long time with 300 K. W. and cooled by a i 
H. P. centrifugal fan, the temperature will not rise 
more than 25° C above the surroimding air. This 
transformer has a weight of 4 tons and at full load 
an efficiency of 98.3 per cent. 

Maschinen Fabrik Oerlikon. 

For three-phase transformers this company's type 
of construction is shown in Fig. 120, which is for 
300 K. W. 

A special type of air cooled, single-phase, core 
type transformer is shown in Figs. 121a and 121b. 
The winding is aliiminum. 
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Fig. 122 shows the single transformer made by 
this company The core is built up as shown, of 
plates of different width so as to approximate a cy- 
lindrical shape, and these are held together by gun 
metal, side-pieces and bolts. 




Fig. 120. Three-Phase Transformer, 300 K. W. 



Commercial Types. 



183 




I 



O 

bo 

a 












bo 

a 

1 
g 

o 
eg 
bo 



o 



«4 






184 , The Alternating Current Transformer. 




APPENDIX. 

EXTRACTS PROM RULES AND REQUIREMENTS OP THE 
NATIONAL BOARD OP PIRE UNDERWRITERS. 

Construction and Tests. 

(a) Must not be placed in any but metallic or 
other non-combustible cases. 

(b) Must be constructed to comply with the fol- 
lowing tests : 

(i.) Shall be run for eight consecutive hours at 
full load in watts imder conditions of service, and at 
the end of that time the rise in temperature, as 
measured by the increase of resistance of the primary 
coil, shall not exceed 135 degrees Fahrenheit. 

(2.) The insulation of transformers when heated 
shall withstand continuotisly for five minutes a dif- 
ference of potential of 10,000 volts (alternating) be- 
tween primary and secondary coils and between the 
primary coils and core, and a no-load "run" at 
double voltage for thirty minutes. 

Location. 

(i.) Must not be placed inside of any building, 
excepting central stations, unless by special permis- 
sion of the Inspection Department having jurisdic- 
tion. 

(2.) Must not be attached to the outside walls of 

185 
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btiildings, unless separated therefrom by substantial 
supports. 

(3.) In central or sub-stations the transformers 
must be so placed that smoke from the burning out 
of the coils or the boiling over of the oil (where oil 
filled cases are used) could do no harm. 

(4.) Must be located at a point as near as possible 
to that at which the primary wires enter the building. 

(5.) Must be placed in an enclosure constructed 
of fire-resisting material; the inclosure to be used 
only for this purpose, and to be kept securely locked 
and access to the same allowed only to responsible 
persons. 

(6. ) Must be effectually insulated from the grotmd 
and the inclosure in which they are placed must be 
practically air-tight, except that it shall be thor- 
oughly ventilated to the outdoor air, if possible, 
through a chimney or flue. There should be at least 
six inches air-space on all sides of the transformer. 

Grounding Low- Potential Circuits. 

(i.) The grotmd connection for Central Stations, 
transformer sub-stations, and banks of transformers 
must be made through metal plates buried in coke 
below permanent moisture level, and connection 
should also be made to all available underground 
piping systems, including the lead sheath of tmder- 
ground cables. 

(2.) For individual transformers and building 
services the grotmd connection may be made as in 
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Section /, or may be made to water or other piping 
systems running into the buildings. This connec- 
tion may be made by carrying the ground wire into 
the cellar and connecting on the street side of meters, 
main cocks, etc., but connection must never be made 
to any lead pipes which form part of gas services. 

In connecting ground wires to piping systems, 
where possible, the wires should be soldered into one 
or more brass plugs and the plugs forcibly screwed 
into a pipe-fitting, or where the pipes are cast iron, 
into a hole tapped to the pipe itself. For large 
stations, where connecting to undergroimd pipes 
with bell and spigot joints, it is well to connect to 
several lengths, as the pipe joints may be of rather 
high resistance. Where such plugs can not be used, 
the surface of the pipe may be filed or scraped bright, 
the wire wotind aroimd it, and a strong clamp put 
over the wire and firmly bolted together. 

Where groimd plates are used, a No. i6 copper 
plate, about three by six feet in size, with about two 
feet of crushed coke or charcoal, about pea size,both 
imder and over it, would make a grotind of sufficient 
capacity for a moderate size station, and would 
probably answer for the ordinary sub-station or bank 
of transformers. For a large Central Station con- 
siderable more area might be necessary, depending 
upon the other tmdergrotind connections available. 
The groiind wire should be riveted to such a plate 
in a number of places, and soldered for its whole 
length. Perhaps even better than a copper plate is 
a cast iron plate with projecting forks, the idea of 
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the fork being to distribute the connection to the 
ground over a fairly broad area, and to give a large 
surface contact. The ground wire can probably 
best be connected to such a cast iron plate by brass 
plugs screwed into the plate to which the wire is 
soldered. In all cases, the joint between the plate 
and the ground wire should be thoroughly protected 
against corrosion by suitable painting with water- 
proof patQt or some equivalent. 
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Abbreviations 7 

Actions and reactions in transformer 23 

Aging of iron . . . 66 

Allegemeine ElektricitSts Gesellschaft transformer 169 

Arc lighting systems 125 

Arrangement of coils 98 

Boosters, see regulators. 

Brown, Boveri & Co.'s transformers 169 

Brush transformers 172 

Capacity load, effect of 33 

Ghoke coils, see induction coils. 

Coils, arrangement of 98 

Compensator 118 

Connections, single-phase 131 

three-phase 136 

to prevent unbalancing 134 

Converse transformers 148 

Cooling, methods of 69 

Copper loss, table of 61 

measurement of 83 

Copper, weight per K. W 105, 113 

Core loss, curves of 82, 90, 93 

effect of high magnetic density on 83 

increase due to low frequency 93 

increase due to aging 66 

separation of 93 

table of 6q 

test of ,. . . 80 
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Core type transformer 66, 98, 99, 112 

Current, exciting 36, 60 

measurement of 80 

magnetizing component 37 

energy component 37 

power factor of 37, 81, 87, 91 

distorted by hysteresis 35 

ratio of primary to secondary 30, 33 

relations for non-inductive load 30 

inductive load 3a 

capacity load 33 

transformer for constant 126 

Design, conditions given for 89 

core tjrpe 112 

influence of dimensions iii 

of induction oil 116 

shell type 102 

systematic 88 

Eddy current loss, curve for 93 

Eddy current loss 58 

Efficiency, all day 55 

calculation of 58 

condition for maximimi 54 

Elek. Aktien Gesellschaft 172 

Elementary principles 8 

E. M. F., counter 23 

induced 14, 10 1 

ratio of primary to secondary 10, 22 

relation between form of primary and secondary . 39 

sine wave of 20 

Emmet, W. L. R., systems of distribution 142 

Ewing, aging of iron 67 

Exciting current -36, 60 

meastu-ement of 80 

mag. component 37 
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PAGB 

Exciting current, energy component 37 

power factor of 91 

Fbrranti. transformers 174 

Field, strength of 13 

Force on wire 10 

Frequency a6 

Frequencies, commercial loi 

Flux, equation for 14 

resultant 26 

Ford, A. H., causes of aging 69 

Ganz & Co.*s transformers 177 

G. E. Co.'s connections for three-wire systems 134 

regulator 12a 

transformers 15a 

G. E. Co., of Berlin, connections to prevent unbalancing. ... 134 

Graphical representation of pressure relations 26 

Harmonic current 23 

Henry, unit of self-induction 15 

Hysteresis, effect on form of primary current 34 

of wave shape on 57 

of aging on 67 

equation for loss by 57 

loss, curves of 95 

Impedance, drop due to 86 

Induced e.m.f. in secondary 19 

Inductance, eqmvalent 49 

Induced e.m.f. in primary 21 

Inductance, see also reactance. 

Induction coil, design of 116 

Inductive load, effect of 32 

Installing transformers, method of 185 

Insulation, test of 73 

use of oil for 71 
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PAGB 

Iron loss, see ^so core loss. 

increase due to aging 66 

testing transformer 89 

weight per K. W 104, 1 13 

Kapp, curves for beating no 

method of design 88 

Lagging and leading current, effect on regulation 50, 79 

Lakon transformers 155 

Leakage current 86 

Lines of force 10 

Loading transformers 84 

Magnetizing current, affected by air gap 38 

equations for 106 

Magnetic induction 10 

Field 10 

flux 14 

in coil 19 

leakage, effect on diagram 33 

Magnetomotive force 11 

Magnetic potential 11 

tests of sheet iron 34 

Maschinen Fabrik Oerlikon transformers 181 

Mershon, Mr. R. D., compensator 129 

Moloney transformers 156 

Mordey, aging of iron 67 

Mutual induction 17 

of coil calculated 18 

Notation 7 

No load current, see exciting current. 

Oil, used for insulation 71 

effect on temperature rise 71, 110 

Open circuit current, see exciting current. 
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Packard transformers 159 

Partridge, G. W., on aging 66 

Permeability of iron in transformers 15 

tests of 90 

Phase angle of primary current 29 

relation of secondary current and magnetic flux. ... 28 

and primary e.m.f.'s 29 

Polarity test 8$ 

Power factor of magnetic circuit 91 

effect on regulation 50 

Presstire relations, graphical 26 

for non-inductive load 28 

inductive load 32 

capacity load 33 

Primary current, increase with load 29-33 

induced e.m.f 21 

current on open circuit 19 

and secondary current ratio 30 

current with magnetic leakage 31 

affected by hysteresis 34-36 

at partial secondary load 37 

Radiating surface 107 

Ratio of pressures 10, 22 

Reactance pressure, values of 49 

see also inductance. 

Reactive pressure, values of 49 

Regulation 40 

test of 76 

effect of magnetic leakage on 43 , 51 

Regulators, circuit 119 

Stillwell 119 

Stanley 121 

G. E. Co 122 

Resistance, equivalent 41 

pressure, values of 49 

Resultant flux 26 
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Roget, S. R., on aging of iron 68 

Rotary converter, transformers for 137, 138 

ScHUCHARDT, R. F., transformer tests by 85 

Scott, C. F., connections for two to three-phase transfor- 
mation 141 

Secondary e.m.f. equation 27 

average induced 30 

induced 19 

ratio to primary 10, 22 

Self-induction defined 15 

counter e.m.f. of 23 

of coil calctilated 16 

with air gap 17 

Series transformer r28 

Shell type transformer 97. 98, 100 

Single-phase connections 131 

Sine wave of e.m.t 20 

equivalent 36 

Six-phase connections 137 

Stanley Co.'s regulation system 121 

transformers 161 

Steinmetz, curves of magnetic tests by 35 

hysteresis law 57 

Stillwell regulator 119 

Temperature, effect on aging 67 

rise, measurement of 83 

curves for no 

Testing, methods of 73 

transformer iron 89 

Transformation, ratio of 10, 22 

checked 85 

Transformer diagram 23-25 

with magnetic leakagfi. . • 45 

Transformer, choice of size 61 

for motor work 6t 
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Transformer connections 131 

curve showing cost of 62 

economy in use of large size 62 

principal use of lo 

punchings 99 

simple c 

Three-phase connections 136 

to two-phase connections 138 

generation and two and three-phase distribu- 
tion 141-144 

distribution 143, 145 

transformer core 100 

V()ltac;k, SCO also pressure and e.m.f. 

drop with no magnetic leakage 40, 41 

Voltmeter, compensating 129 

Water for cooling 69 

Weight 102-116 

Westinghouse transformer 165 
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